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G l o s s a r y of U n i t s , Symbols, and Acronyms 

U n i t s 

kg k i l o g r a m ; kg = 103 g 
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ng nanogram; ng = 10-3 ug 
L l i t e r ; L = 1 dm3 

ml m i l l i l i t e r ; ml = 10-3 | 
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ppm p a r t s per m i l l i o n = ug/g = mg/kg 
ppb p a r t s per b i l l i o n = 10-3 ppm, ng/g = ug/kg 
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mg/kg m i l l i g r a m / k i l o g r a m 
mg/L m i l l i g r a m / l i t e r 
ug/L m i c r o g r a m / 1 i t e r 
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ng/ml n a n o g r a m / m i l l i l i t e r 

Acronyms 
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DW Dry weight b a s i s 
EDTA E t h y l e n e d i a m i n e t e t r a a c e t i c a c i d 
EPA E n v i r o n m e n t a l P r o t e c t i o n Agency 
EPA CV E n v i r o n m e n t a l P r o t e c t i o n Agency c o l d vapor method 
ES E m i s s i o n s p e c t r o g r a p h i c 
FLAAS F l a m e l e s s atomic a b s o r p t i o n s p e c t r o p h o t o m e t r y 
GLC Gas l i q u i d chromatography 
INAA I n s t r u m e n t a l neutron a c t i v a t i o n a n a l y s i s 
IPAA I n s t r u m e n t a l photon a c t i v a t i o n a n a l y s i s 
MMC M e t h y l m e r c u r i c c h l o r i d e 
MMH Met h y l m e r c u r i c h y d r o x i d e 
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NRC N a t i o n a l Research C o u n c i l 
OM O r g a n i c matter c o n t e n t 
P H N e g a t i v e l o g a r i t h m , base 10, of H+ c o n c e n t r a t i o n 
pMA Phenyl m e r c u r i c a c e t a t e 
RNAA R a d i o c h e m i c a l n e u t r o n a c t i v a t i o n a n a l y s i s 
SSMS Spark source mass s p e c t r o m e t r y 
USDA U n i t e d S t a t e s Department of A g r i c u l t u r e 
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1.0 INTRODUCTION 
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This document c o n s i s t s of a l i t e r a t u r e review and presents 

candidate l e v e l s of copper, mercury, selenium, s i l v e r and 

t h a l l i u m for assessment of s e l e c t e d environmental hazards 

associated with the East Helena smelter located i n the Helena 

V a l l e y of Montana. This document i s the second of two volumes. 

Volume one contains s i m i l a r hazard l e v e l s for a r s e n i c , cadmium, 

lead and z i n c in a d d i t i o n to an e v a l u a t i o n of the hazard to 

l i v e s t o c k from these four elements. Candidate hazard l e v e l s 

presented in t h i s report have been developed s p e c i f i c a l l y for the 

East Helena, Montana smelter s i t e . The use of t h i s document for 

e v a l u a t i o n of other s i t e s should be attempted only with proper 

c o n s i d e r a t i o n of s i t e s p e c i f i c c o n d i t i o n s . 

1.1 Purpose 

This document i s a l i t e r a t u r e review from which proposed 

hazard l e v e l s have been developed to assess r i s k from chemical 

element l e v e l s found i n s o i l s and crops present in the v i c i n i t y 

of the East Helena smelter. These hazard l e v e l s w i l l enable 

determination of the p o t e n t i a l danger to these a g r i c u l t u r a l 

resou rces. 

1.2 Scope 

The scope of t h i s document i s confined to the metals 

copper, mercury, selenium, s i l v e r and t h a l l i u m and t h e i r t o x i c 

e f f e c t s and l e v e l s of accumulation i n s o i l s and p l a n t s . This 

document does not contain a review of r e l e v a n t l i t e r a t u r e 

p e r t a i n i n g to e x t r a c t a b l e l e v e l s of these metals in s o i l s . 

1.3 Methods 

Portions of the l i t e r a t u r e that are presented in t h i s 

document were procured through the use of a computer search 

u t i l i z i n g numerous data bases i n c l u d i n g AGRICOLA, BIOSIS, CAB 

A b s t r a c t s , CRIS-USDA, ENVIROLINE, MEDLINE, NTIS, P o l l u t i o n 

A b s t r a c t s , SCISEARCH and Water Resources A b s t r a c t s . Conventional 
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l i b r a r y methods have a l s o been employed f o r researching ab­

s t r a c t s , p e r i o d i c a l s and other m a t e r i a l s . The authors are 

cognizant of the l i m i t a t i o n s of s o l u t i o n c u l t u r e and greenhouse 

studies but for some aspects of the f i v e metals reviewed, these 

are the only data a v a i l a b l e . 

Background values presented were taken d i r e c t l y from the 

s c i e n t i f i c l i t e r a t u r e . P hytotoxic l e v e l s were chosen through; 1) 

a review of l e v e l s reported to be p h y t o t o x i c in experimental 

studies and 2) a comparison of the reported experimental r e s u l t s 

with p h y t o t o x i c l e v e l s e s t a b l i s h e d by others. The s c a r c i t y of 

data precluded establishment of an upper t o l e r a b l e c o n c e n t r a t i o n 

for some of these elements. S c i e n t i f i c l i t e r a t u r e that most 

c l o s e l y approximated c o n d i t i o n s present i n the Helena V a l l e y were 

emphasized more fo r hazard l e v e l s e l e c t i o n . For example, a t o x i c 

s o i l l e v e l for wheat on calcareous loamy s o i l was considered more 

a p p l i c a b l e than a t o x i c s o i l l e v e l f o r cabbage on a sandy a c i d 

s o i l . Once hazard l e v e l s were developed they were compared to 

means and ranges of s o i l / p l a n t elemental l e v e l s measured i n the 

Helena V a l l e y and c o n t r o l s i t e s . 

A l l values reported i n t h i s document are on a dry weight 

bas i s unless otherwise i n d i c a t e d . 

1.4 S i t e D e s c r i p t i o n 

The Helena V a l l e y i s located i n west c e n t r a l Montana and 

trends in a west northwest d i r e c t i o n . I t i s 35.4 km (22.1 mi) 

long and 17.1 km (10.7 mi) wide. The v a l l e y i s bounded on the 

northeast by the Big B e l t Mountains, on the south by the Elkhorn 

Mountains and the Boulder B a t h o l i t h , and on the west by mountains 

forming the c o n t i n e n t a l d i v i d e . Lower p o r t i o n s of the v a l l e y are 

occupied by Lake Helena and Hauser Lake formed by Hauser dam on 

the M i s s o u r i R i v e r . E l e v a t i o n s range from 1,113 m (3650 f t ) mean 

sea l e v e l at Hauser Lake to 2,560 m (8,400 f t ) i n the surrounding 

mountains. G e o l o g i c a l m a t e r i a l s on the v a l l e y f l o o r c o n s i s t of 

quaternary and t e r t i a r y sediments that are c o n s o l i d a t e d to poorly 

c o n s o l i d a t e d . S o i l s are moderately calcareous and composed of 

s i l t and c l a y (Miesch and Huffman 1969). S o i l p r o f i l e s are 

2 
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poorly to moderately developed on both quaternary and t e r t i a r y 

parent m a t e r i a l s . The Helena V a l l e y i s semi-arid and receives 

from l e s s than 25.4 cm (10 in) to le s s than 36 cm (14 in) of 

annual p r e c i p i t a t i o n . The adjacent mountains receive up to 76.2 

cm (30 in) of annual p r e c i p i t a t i o n (U.S. S o i l Conservation 

Service 1981). The c l i m a t e i s modified c o n t i n e n t a l with an 

average annual temperature of 6.3°C (43.3°F) (National Oceanic 

and Atmospheric A d m i n i s t r a t i o n (NOAA 1983). Average January and 

J u l y temperatures at Helena are -8°C (18.1°F) and 20°C (67.9°F) 

r e s p e c t i v e l y (NOAA 1983). A g r i c u l t u r a l crops in the V a l l e y are 

a l f a l f a , small grains ( u s u a l l y wheat, barley and some oats) and 

range land. 

The Helena V a l l e y i s the s i t e f or two incorporated c i t i e s : 

Helena and East Helena with approximate populations of 23,900 and 

2,400 r e s p e c t i v e l y (1980 census). The two c i t i e s are located 6.4 

(4 mi) and 1 km (0.6 mi) from the smelter complex, r e s p e c t i v e l y . 

The v a l l e y has been the s i t e of a lead smelter since the 

Helena and L i v i n g s t o n f a c i l i t y was b u i l t i n East Helena i n 1888. 

The smelter was purchased by i t s present owner (American Smelting 

and R e f i n i n g Company) i n 1899. The Anaconda Company b u i l t a zi n c 

plant adjacent to the smelter i n 1927 to recover zi n c from waste 

products. In 1955 the American Chemet Company constructed a 

paint pigment plant u t i l i z i n g z i n c oxide from the z i n c f a c i l i t y . 

3 
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2.0 BACKGROUND AND ELEVATED LEVELS OF COPPER, MERCURY, SELENIUM, 

SILVER AND THALLIUM IN SOILS AND PLANTS. 

Varing amounts of research data are a v a i l a b l e for copper, 

mercury, selenium, s i l v e r and t h a l l i u m . For copper and, to a 

l e s s e r extent, mercury a large volume of work has been completed 

i n reference to sewage sludge d i s p o s a l problems. Our understand­

ing of selenium has b e n e f i t e d from the studies of selenium 

accumulator p l a n t s and t h e i r adverse e f f e c t s on l i v e s t o c k . 

L i t t l e data are a v a i l a b l e to a c c u r a t e l y evaluate l e v e l s of s i l v e r 

and t h a l l i u m found i n s o i l s and p l a n t s . Copper i s the only one 

of these elements considered e s s e n t i a l for higher p l a n t s (Kabata-

Pendias and Pendias, 1984). Sections 2.1 through 2.5 discuss 

unique c h a r a c t e r i s t i c s of each metal reviewed and l e v e l s found i n 

s o i l s and p l a n t s . 

2.1 Copper Levels i n S o i l s and P l a n t s 

Copper i s one of the most studied heavy metals. Extensive 

l i t e r a t u r e has been published concerning the r o l e of copper i n 

animals and plant n u t r i t i o n , sewage sludge d i s p o s a l , and environ­

mental p o l l u t i o n from i n d u s t r i a l sources. Study of the b e n e f i ­

c i a l and t o x i l o g i c a l e f f e c t s of copper i n a g r i c u l t u r a l crops date 

from research published by Grossenbacher (1916), Floyd (1917) and 

Forbes (1917). 

The t o t a l c o n c e n t r a t i o n of copper in the earth c r u s t has 

been reported at approximately 50 ppm (National Research C o u n c i l , 

NRC 1977). Bowen (1966) reported copper l e v e l s i n igneous rock, 

sha l e , sandstone and limestone as 55 ppm, 45 ppm, 5 ppm and 4 ppm 

r e s p e c t i v e l y . The copper content of s h a l e , bituminous shale, 

sandstone and limestone and dolomite were reported by others as 

35 ppm, 70 ppm, 30 ppm and 6 ppm r e s p e c t i v e l y (Wedepohl and 

Zemann 1974) . These authors a l s o reported a copper concentration 

i n c o a l as 17 ppm. Copper i s most abundant i n mafic and interme­

d i a t e rocks and minerals such as b i o t i t e and pyroxene (Cox 1979, 

M i t c h e l l 1971, Thornton 1979). I t i s u s u a l l y found as simple 

and/or complex s u l f i d e s , many of which are e a s i l y s o l u b l e , 

4 
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e s p e c i a l l y i n a c i d environments (Kabata-Pendias and Pendias 1984, 

NRC 1977). Copper a l s o occurs as a n a t i v e metal (Cox 1979). 

Hague and Subramanian (1982) reported atmospheric emissions 

of copper as 18,500 and 56,000 metric tonnes per year f o r n a t u r a l 

and anthropogenic sources r e s p e c t i v e l y . I t was estimated that 65 

percent of the n a t u r a l emissions occur from windblown dusts and 

that "vegetative exudates account for the bulk of the remainder" 

(Nriagu 1979). M e t a l l u r g i c a l processing and wood combustion have 

been reported as the major sources of anthropogenic copper at 

l e v e l s of 19,800 and 11,500 tonnes per year, r e s p e c t i v e l y . 

"About 95 percent of the anthropogenic copper emissions comes 

from point sources such as smelters, u t i l i t y p l a n t s and i n c i n e r ­

a t o r s " (Nriagu 1979). 

2.1.1 T o t a l copper l e v e l s i n s o i l s 

A complete d i s c u s s i o n of the r o l e and f u n c t i o n of copper i n 

s o i l s and p l a n t s i s beyond the scope of t h i s document. The 

f o l l o w i n g b r i e f d i s c u s s i o n i s provided to help the i n t e r p r e t a t i o n 

of reported s o i l l e v e l s . 

The copper content of most s o i l i s determined i n p a r t , from 

copper present i n parent m a t e r i a l . The s o i l l e v e l i s modified to 

varying degrees by pedogenetic processes (Thornton 1979). These 

processes include c l i m a t i c f a c t o r s which determine the amount of 

weathering and degree of s o i l formation, topography, s o i l pH, the 

redox p o t e n t i a l and the organic matter content (Baker 1974). 

The form of copper i n s o i l s remains somewhat obscure. 

Although copper occurs i n two valence s t a t e s , C u + 1 and C u + 2 , 

copper i n s o i l i s almost e x c l u s i v e l y i n the C u + 2 form (Thornton 

1979) . 

The three s o i l parameters most l i k e l y to c o n t r o l copper 

a v a i l a b i l i t y to p l a n t s are pH, c a t i o n exchange c a p a c i t y (CEC) and 

organic matter content (OM). The s o i l pH i s the parameter most 

c o n s i s t e n t l y i d e n t i f i e d i n the l i t e r a t u r e as c o n t r o l l i n g metal 

a v a i l a b i l i t y to p l a n t s . A l l microelements, with the exception of 

molybdenum and selenium "are more l a b i l e at low pH due to 

h y d r o l y s i s of hydroxide species and (increased) s o l u b i l i t y of 

5 



other s o l i d phase minerals such as carbonates and phosphate 

(Logan and Chaney 1983). A pH l e v e l >6.5 i s considered to be 

e f f e c t i v e i n reducing the plant a v a i l a b i l i t y of s o i l copper and 

other metals (Chaney 1973, CAST 1976). Copper i s sorbed or bound 

more s t r o n g l y to s o i l c o l l o i d s and organic matter than are many 

other c a t i o n s (Reuther and Labanauskas 1966, Thornton 1979). 

Leeper (1972) suggested that s o i l CEC be used as an index to 

determine the amount of metals that can be added to a s o i l 

without producing p h y t o t o x i c i t y . This index may be more a p p l i c a ­

bl e to smelter p o l l u t i o n than i t i s to sewage sludge due to the 

s o r p t i o n p r o p e r t i e s of sludge which dominate the CEC and OM 

p r o p e r t i e s of the s o i l to which i t i s app l i e d (Corey 1981). The 

humic, f u l v i c and tannic acids of organic matter form s t a b l e 

compounds with copper and other metals (Stumm and Morgan 1970). 

Stevenson and Ardakani (1972) have reported that copper organo-

m e t a l l i c complexes are more s t a b l e than s i m i l a r complexes of 

le a d , i r o n , n i c k e l , manganese, cob a l t and z i n c at a pH of 5. 

N i c k e l and copper are t y p i c a l l y associated with s o i l s high i n 

organic matter content (Hazlett et a l . 1983). 

The background t o t a l s o i l copper concentration can range 

from 1 to 300 ppm with means g e n e r a l l y i n the range of 10 to 50 

ppm (Table 1). Kubota (1983) reported a range and mean of 2-137 

ppm and 30 ppm r e s p e c t i v e l y f o r Western United States v a l l e y f i l l 

mater i a l s . 

Elevated copper l e v e l s i n s o i l s are l e s s w e l l documented 

than are background data (Table 2). Much of these data r e l a t e d 

to elevated copper l e v e l s i n s o i l have been associated with 

sewage sludge d i s p o s a l problems. The i n t e r a c t i o n s of other 

metals with copper i n sludges and the e f f e c t of sludge organic 

matter make i n t e r p r e t a t i o n of these data d i f f i c u l t . Elevated 

copper data reported i n reviewed l i t e r a t u r e ranged from t y p i c a l 

background l e v e l s to the 2254 ppm copper found i n abandoned open 

ore r o a s t i n g areas (Hogan et a l . 1977). S e l e c t i o n of hazard 

l e v e l s for elevated copper concentrations i n s o i l s i s presented 

i n Section 3.1. 



Table 1. Packnround t o t a l cooper l e v e l s 

Med i um 

M i n n e s o t a S o i l s 
J apanese S o i l 
O r g a n i c Muck S o i l s 
S u r f a c e - O n t a r i o 
0;. gan i c Muck So i I s 
40-48 cm - O n t a r i o 

Ontar i o S o i l s 
Piedmont S o i l s 
C a l i f o r n i a S o i I s 

Use 
L e v e l 

(ppm DW) Means i n () 

Not g i v e n 16-50 (26) 
Not g i v e n 4.4-176 (34) 
U n c u l t i v a t e d 2-27 
Truck Farm 72-213 

Truck Farm 
Crops 
Forage 
Crops 

1-123 
(15.9) 
13-191 (52) 
8-112 (54) 

Hazard 
Response 

Background 
Background 
Background 
Background 

Background 
Background 
Background 
Background 

Western US 
V a l l e y F i l l 

G l a c i a l D r i f t 
N. C e n t r a l and 
New England 

A l l u v i u m ( C a l i f ) 
C o a s t a l P l a i n 

(SE.US), NC, SC 
C o a s t a l P l a i n 

F 1 , NC , SC 
Western US S o i l s 

US S o i l s 

Crops 

Crops 
Crops 
Crops 

Crops 

Crops 
N a t i v e Range/ 

Crops 
N a t i v e Range/ 

Crops 
N a t i v e Range 
N a t i v e Range 
N a t i v e Range 
N a t i v e Range 

Nat i v e P l a n t s 

2-137 (30) 

-119 (17) 
•179 (24) 
•55 (15) 

S u r f a c e S o i l / 
Powder R i v e r B a s i n 
Subso i1/Powder 
R i v e r B a s i n 
Near Sudbury Ont. 
O r g a n i c S o i I s 

0-15 cm 
Sandy S o i l s 0-15 cm 
Loam S o i l s 0-15 cm 
C l a y S o i l s 0-15 cm 
A l l O n t a r i o S o i l s 
C a n a d i a n S h i e l d 

S o i Is 
Canad i a n A p p a l a c h i an 
S t . Lawrence Lowlands 
C a n a d i a n I n t e r i o r 

P l a i n s 
C a nadian C o r d i l l e r a n 
16 Manitoba S o i I s 
16 Manitoba S o i l s 
M i c h i g a n - Sand 
R e s i d e n t i a l S o i l s 

Grand R a p i d s , MI 
A g r i c u l t u r a l S o i I s 

M i c h i g a n 
I n d u s t r i a l S o i l s 

Grand R a p i d s , MI 
A i r p o r t S o i I s 
Cottenham Sandy Loam Onions 
Cottenham Sandy Loam Onions 

Crops 
Crops 
Crops 
Crops 
Crops 

U n c u l t i v a t e d 

A g r i c u l t u r e 
Agr i c u l t u r e 
Woodland 
Lawns and 

Woodlands 

Crops 
I n d u s t r i a l 

S i t e s 

8-34 (19) 

1- 13 (5) 

2- 300 (21) 

(17) 
14 (Geo. Mean) 
3- 30 Range 
16 (Geo. Mean) 
5-50 Range 
61-98 
29.5-111.0 

(65.0) 
2.1-123.0 (20.2) 
3.8-144.0 (25.5) 
9.5-77.2 (16.7) 
2. 1-144.0 (21.5) 

( I D 
(17) 
(19) 

(21) 
(46) 
(25) A Hor. 
(23) C Hor. 
2.8 

(8.0) 

(8.8) 

(16.3) 

(10.4) 
3.9 w/MYCA 

2.8 wo/MYCA 

Background 

Background 
Background 
Background 

Background 

Background 

Background 

Background 
Background 
Background 
Background 
Background 
Background 

Background 
Background 
Background 
Background 
Background 

Background 
Background 
Background 

Background 
Background 
Background 
Background 
Background 

Background 

Background 

Background 
Background 
Background 
Backgr ound 

i Is. 

Exposure 
Pathway Recepto D u r a t i o n 

Study 
S e t t i n g 

o 
o 
C D 
C D 
CO 

Reference 

NR 
NR 
p l a n t Uptake 
P l a n t Uptake 

P l a n t Uptake 
NR 
P l a n t Uptake 
P l a n t Uptake 

NR 
NR 
NR 
V e g e t a b l e s 

V e g e t a b l e s 
NR 
Legumes/grasses 
Legumes/grasses 

P l a n t Uptake Legumes/grasses 

Legumes/grasses 
Legumes/grasses 
Legumes/grasses 

P l a n t Uptake 
P l a n t Uptake 
P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 

P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 

P l a n t 
P l a n t 
P l a n t 

P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 

NR 

Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 

Uptake 
Uptake 
Uptake 
Uptake 
Uptake 

Uptake 
Uptake 
Uptake 

Uptake 
Uptake 
Uptake 
Uptake 
Uptake 

NR 

NR 
NR 
P l a n t Uptake 
P l a n t Uptake 

Legumes/grasses 

Legumes/grasses 
N a t i v e Range/ 

Crop P l a n t s 
N a t i v e Range/ 

Crop P l a n t s 
Sagebrush 
Sagebrush 
Sagebrush 
Sagebrush 

Crops 
Crops 
Crops 
Crops 
Crops 

NR 
NR 
NR 

NR 
NR 
NR 
NR 
NR 

NR 

NR 
NR 
Onions 
Onions 

NR T r i - A c i d AAS F i e l d P i e r c e e t a l . (1982) 
NR Not g i v e n F i e l d K i t a g i s h i and Yamane (1981) 
Matur i t y AAS F i e l d Czuba and H u t c h i n s o n (1980) 
Matur i t y AAS F i e l d Czuba and H u t c h i n s o n (1988) 

Matur i t y AAS F i e l d Czuba and H u t c h i n s o n (1980) 
NR AAS F i e l d Czuba and H u t c h i n s o n (1980) 
Not g i v e n Di t h i z o n e / F i e l d P r i c e et a l . (1955) 
Not g i v e n Carbamate/ 

C o l o r m e t r i -
c a l l y AAS F i e l d Kubota (1983) 

Not g i v e n " F i e l d Kubota (1983) 

Not g i v e n » F i e l d Kubota (1983) 
Not g i v e n F i e l d Kubota (1983) 
Not g i v e n F i e l d Kubota (1983) 

Not g i v e n F i e l d Kubota (1983) 

Not g i v e n F i e l d Kubota (1983) 

Not g i v e n NR F i e l d S h a c k l e t t e and Boerngen (1984) 

Not g i v e n NR F i e l d S h a c k l e t t e and Boerngen (1984) 
NA AAS F i e l d Connor e t a l . (1976) 
NA AAS F i e l d Connor e t a l . (1976) 
NA AAS F i e l d Connor e t a l . (1976) 
NA AAS F i e l d . Connor e t a l . (1976) 
Matur i t y AAS F i e l d Hogan e t a l . (1977) 

NR AAS F i e l d I S h i d a and Suda (1976) 
NR AAS F i e l d I s h i d a and Suda (1976) 
NR AAS F i e l d I s h i d a and Suda (1976) 
NR AAS F i e l d I s h i d a and Suda (1976) 
NR AAS F i e l d I s h i d a and Suda (1976) 

NR AAS F i e l d McKeague and Wolynetz (1980) 
NR AAS F i e l d McKeague and Wolynetz (1980) 
NR AAS F i e l d McKeague and Wolynetz (1980) 

NR AAS F i e l d McKeague and Wolynetz (1980) 
NR AAS F i e l d McKeague and Wolynetz (1980) 
NR AAS F i e l d M i l l s and Zwarich (1975) 
NR AAS F i e l d M i l l s and Zwarich (1975) 
NR AAS F i e l d K l e i n and R u s s e l l (1973) 

NR AAS F i e l d K l e i n (1972) 

NR AAS F i e l d K l e i n (1972) 

NR AAS F i e l d K l e i n (1972) 
NR AAS F i e l d K l e i n (1972) 
5 weeks AAS Greenhouse G i l d o n and T i n k e r (1983) 
5 weeks AAS Greenhouse G i l d o n and T i n k e r (1983) 



Tab le I, Background t o t a l copper l e v e l s in s o i l s , con t i nued . 

L e v e l Hazard 
(ppm DW) Means i n Q Response 

Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g R e ference 

CA 

NJ 

Piedmont Weathered 
Bedrock 

Worldwide 
R i t z v i l l e S i l t Loam 
A b e r d e e n s h i r e , UK 
Yakima Co. WA 

PH (7.9) 
San J a q u i n Co. 

pH (6.4) 
B e r r i e n Co. MI 

pH (6.6) 
Wayne Co. NY 

PH (5.5) 
G l o u c e s t e r Co. 

pH (5.5) 
Yakima, Co. WA 

pH (6.6) 
Mesa Co. CA 

PH (7.8) 
San J o a q u i n Co. 

pH (6.8) 
Mesa Co. CO 

pH (7.7) 
Mesa Co. CO 

pH (8.0) 
San J o a q u i n e Co 

pH (7.0) 
Yakima Co. WA 

pH (6.3) 
Wayne Co. NY 

pH (6.6) 
B e r r i e n Co. MI 

PH (5.4) 

CA 

CA 

NR 
NR 
A g r i c u l t u r e 
NR 

Grapes 

Grapes 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

Orchards 

13-191 (52) 
2-100 (28) 
31 

10-21 

28-30 (22) 

15-50' (27) 

10-30 (18) 

15-30 (19) 

15-30 (20) 

20-70 (36) 

20-50 (31) 

15-150 (100) 

20-30 (24) 

15-108 (28) 

150-300 (240) 

30-70 (44) 

7-20 (13) 

15-58 (25) 

Background 
Background 
Background 
Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

Background 

P l a n t Uptake 
NR 
P l a n t Uptake 
NR 

P l a n t Uptake 

P l a n t uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

P l a n t Uptake 

p l a n t Uptake 

Forage 
NR 
Crops 
NR 
European 
Grapes 
European 
Grapes 

A p p l e s 

A p p l e s 

A p p l e s 

Apples 

A p p l e s 

Peaches 

Peaches 

Pears 

Pears 

Pears 

Pears 

Pears 

NR 
NR 
NR 
NR 

M a t u r i t y 

Matur i t y 

M a t u r i t y 

Matur i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

M a t u r i t y 

Matur i t y 

AOAC 
NR 
AAS 

SSMS 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

ES 

F i e l d 
F i e l d 
F i e l d 
F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

F i e l d 

P r i c e e t a l . (1955) 
Bowen (1966) 
C a t a l d o and Wildung (1978) 
Ure and Bacon (1978) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1988) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1980) 

S h a c k l e t t e (1988) 

A M y c o r r h i z a 

o 
t— 
o 
o 
CD 

cn 



T a b l e 2 . E l e v a t e d t o t a l c o p p e r l e v e l s in s o i l s . 

Ore Roasting Bed 

Yolo Loam 
Yolo Loam 
Warsaw Sandy Loas 

Warsaw Sandy Loan 

Warsaw Sandy Loan 

Yolo Loam 
Yolo Loam 
Warsaw Sandy Loan 

Warsaw Sandy Loas 

Warsaw Sandy Loan 

Warsaw Sandy Loam 

Warsaw Sandy Lean 

Warsaw Sandy Loam 

Warsaw Sandy Loax. 

Warsaw Sandy Loan 

Warsaw Sandy Loa= 

Yolo Loam 
Yolo Loam 
"Sandy S o i 1 " 
Cottenham Sandy Loam 
Cottenham Sandy Loans 
"Sandy S o i 1 " 
"Sandy S o i 1 " 
Yolo Loam 
Yolo Loam 
Warsaw Sandy Loam 

Warsaw Sandy L o a i 

Warsaw Sandy Loarr 

Cottenham Sandy Loam 
Cottenham Sandy Lca= 
Cottenham Sandy Leas 
Cottenham Sandy Loan 
Cottenham Sandy Loan. 
Cottenham Sandy Loan 

A Other metal %.t 
B Other metal l e v e l s 
C Mycorrhiza 

Level Hazard Exposure 
Use (ppm DW) Response Pathway Receptor D u r a t i o n Method 

A g r o s t i s 
g i g a n t e a 1228-2254 1 » Ground Veg . Cover P l a n t Uptake NR Matur i t y AAS 

Bush Bean 500 83 » YR Cu SO 4 Leaf 17 days ES 
Bush Bean 5110 69 % YR CuS0 4 Stem 17 days ES 
Corn 343 68 % YRA CuCl2/Sludge Above Ground CuCl2/Sludge 

B iomass 6 weeks AAS 
Rye 343 39 * YR* CuCl2/Sludge Above Ground Rye CuCl2/Sludge 

Biomass 6 weeks AAS 
Corn 34 3 59 % YRA CuCl 2/Sludge Above Ground CuCl 2/Sludge 

Biomass 6 weeks AAS 
Bush Bean 280 26 » YR CuS0 4 Leaf 17 days ES 
Bush Bean 200 14 1 YR (N.S.) CuS0 4 Stem 17 days ES 
Corn 194 41 » YRA CuCl2/Sludge Above Ground CuCl2/Sludge 

B iomass 6 weeks AAS 
Rye 194 29 % YRA CuCl 2/Sludge Above Ground Rye CuCl 2/Sludge 

B iomass 6 weeks AAS 
Corn 194 51 % YRA CuC12/Sludge Above Ground CuC12/Sludge 

B iomass 6 weeks AAS 
Corn 150 68 % YR B Cu«2 Above Ground 

Biomass 6 weeks AAS 
Rye 150 43 % YR B CuCl2 Above Ground Rye 

B iomass 6 weeks AAS 
Corn 150 61 * YRB CuCl2 Above Ground 

B iomass 6 weeks AAS 
Corn 120 45 % YR A CuCl2/sludge Above Ground CuCl2/sludge 

B iomass 6 weeks AAS 
Rye 120 14 % Y i e l d IncreaseA C u C l 2 / S l u d g e Above Ground Rye 

B iomass 6 weeks AAS 
Corn 120 44 % YRA CuCL 2/sludge Above Ground 

Biomass 6 weeks AAS 
Bush Bean 100 12 * YR (N.S.) Cu SO4 Leaf 17 days ES 
Bush Bean 108 8. B % YR (N.S.) CUSO4 Stem 17 days ES 
Per Rye Gra ss 99 58 % YR Cu S a l t s Shoot 4 weeks AAS 
Onions 75 w/MYCc 3. 7 % YR CuS0 4 3H 20 Leaves 5 weeks AAS 
Onions 75 wo/MYCc 11 . 5 % YR CUSO4 3H 2o Leaves 5 weeks AAS 
P l a n t a i n 56 50 % YR Cu S a l t s Shoot 6 weeks AAS 
White C l o v e r 52 58 % YR Cu S a l t s Shoot 8 weeks AAS 
Bush Bean 50 17 * YR (N.S.) CuS0 4 Leaf 17 days ES 
Bush Bean 50 1. 1 % YR (N.S.) CUSO4 Stem 17 days ES 
Corn 46 68 % Y i e l d Increase Above Ground 

(crop 1) Sludge Biomass 6 weeks AAS 
Rye 46 96 % Y i e l d Increase Above Ground Rye 

(crop 2) Sludge Biomass 6 weeks AAS 
Corn 46 17 % YR Above Ground 

(crop 3) Sludge Biomass 6 weeks AAS 
Onions 30 w/MYCc 2. 8 1 YR CUSO4 3H 20 Leaves 5 weeks AAS 
Onions 30 wo/MYCc 16 % YR CUSO4 3H20 Leaves 5 weeks AAS 
Onions 15 W/MYCC 5. 5 % YR CUSO4 3H 20 Leaves 5 weeks AAS 
Onions 15 wo/MYCc 5. 7 % YR CUSO4 3H 20 Leaves 5 weeks AAS 
Onions 5 w/MYCC 7 % Y i e l d Increase CUSO4 3H2O Leaves 5 weeks AAS 
Onions 5 wo/HYCc 3 . 8 % YR CuSOj 3H?0 Leaves i. m 
: Zn - 418 ppm, Cr - 484 ppm , Ni - 37 ppm 
: Zn - 300 ppm, Cr - 358 ppm , Ni - 15 ppm 

Study 
g e t t i n g Reference 

F i e l d 
Greenhouse/So i 1 Pots 
Greenhouse/Soil Pots 

Greenhouse 

Greenhouse 

Greenhouse 
Greenhouse/Soil Pots 
Greenhouse/Soi1 Pots 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 

Greenhouse 
Greenhouse/Soi1 Pots 
Greenhouse/Soil Pots 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse/Soil Pots 
Greenhouse/Soi1 Pots 

Greenhouse 

Greenhouse 

Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 

^ ^ j c j ^ n h o u s e ^ ^ ^ ^ ^ ^ ^ ^ ^ 

Hogan et a l . (1977) 
Wallace et a l (1 977a) 
Wallace et a l (1 977a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 
Wallace et a l (1977a) 
Wallace et a l (1977a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975b) 

Cunningham et a l . (1975b) 

Cunningham et a l . (1975b) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 

Cunningham et a l . (1975a) 
Wallace et a l (1 977a) 
Wallace et a l (1 977a) 
Di j kshoorn et a l (1979) 
G i l d o n and Tinker (1983) 
G i l d o n and Tinker (1983) 
D i j k s h o o r n et a l (1979) 
Di j kshoorn et a l (1979) 
Wallace et a l (1 977a) 
Wallace et a l (1 977a) 

Cunningham et a l . (1975b) 

Cunningham et a l . (1975b) 

Cunningham et a l . (1975b) 
G i l d o n and Tinker (1983) 
G i l d o n and Ti nker (1983) 
G i l d o n and Tinker (1983) 
G i l d o n and Tinker (1983) 
G i l d o n and Tinker (1983) 
G i l d o n and Tinker (1983) 



2.1.2 Copper l e v e l s i n p l a n t s 0100666 
Copper i s known to be an e s s e n t i a l n u t r i e n t for both plants 

and animals and, except for molybdenum, i s the l e a s t abundant 

e s s e n t i a l n u t r i e n t i n s o i l . Most problems involve copper d e f i ­

ciency i n p l a n t s or animals and copper t o x i c o s i s i s uncommon 

except in m i n e r a l i z e d areas or zones p o l l u t e d by mining and 

smelting a c t i v i t i e s (Gough et a l . 1979, Hutchinson 1979). 

Uptake of copper increases with increased copper l e v e l s in 

s o i l (Wallace et a l . 1977a). Absorption of copper i s thought to 

be a c t i v e but passive absorption may a l s o occur, e s p e c i a l l y under 

c o n d i t i o n s of high s o i l copper concentrations (Kabata-Pendias and 

Pendias 1984). 

Copper concentrations have been found to be markedly higher 

in p lant roots as opposed to above ground parts (Agarwala et a l . 

1977, Chino 1981, Forbes 1917 and J a r v i s 1978). Plant roots 

e x h i b i t a strong c a p a b i l i t y to hold copper under both d e f i c i e n c y 

and t o x i c c o n d i t i o n s (Kabata - Pendias and Pendias 1984). J a r v i s 

(1978) reported that up to 96 percent of the t o t a l plant copper 

content of ryegrass i s re t a i n e d by roots under high uptake 

c o n d i t i o n s and the copper held by roots i s not a v a i l a b l e to 

ryegrass shoots even a f t e r a f u r t h e r supply of copper i s with­

drawn. Toxic concentrations i n root are only n e g l i g i b l y t r a n s l o ­

cated to the above ground biomass (Bennett 1971) probably because 

copper i n plant roots i s i n s o l u b l e i n i t s a s s o c i a t i o n with c e l l 

w a l l s ( J a r v i s 1978) . 

Copper t o x i c i t y in pla n t s i s produced from sev e r a l f a c t o r s : 

1) root t i s s u e damage, which r e s t r i c t s root extension, membrane 

pe r m e a b i l i t y and i n h i b i t s t r a n s l o c a t i o n of i r o n (Bennett 1971, 

Kabata - Pendias and Pendias 1984); 2) Per o x i d a t i o n of c h l o r o -

p l a s t membrane l i p i d s and i n h i b i t i o n of photosynthetic e l e c t r o n 

t r a n s p o r t (Kabata - Pendias and Pendias 1984); and 3) immobiliza­

t i o n of copper in c e l l w a l l s , c e l l vacuoles and n o n d i f f u s i b l e 

copper-protein complexes (Kabata - Pendias and Pendias 1984). 

Elevated copper concentrations a l s o adversely a f f e c t potassium 

uptake i n c e r e a l g r a i n s (Bujtas and Cseh 1981). 
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The f i r s t symptom of copper t o x i c i t y i s depressed growth 

(Dijkshoorn et a l . 1979) and retarded germination, s e e d l i n g 

growth, and root development (Forbes 1917, Chapman et a l . 1940, 

Reuther et a l . 1952, Re i t z and Shimp 1953, Dekock 1956). Copper 

t o x i c i t y r e s u l t s i n an induced i r o n c h l o r o s i s , depressed t i l l e r ­

ing and t h i c k , s h o r t , barbed-wire roots (Agarwala et a l . 1977, 

Bennett 1971, Chino 1981, R e i l l y and R e i l l y 1973). S e n s i t i v e 

crops are c e r e a l s , legumes, spinach and c i t r u s s e e d l i n g s . 

Copper has been shown to be s y n e r g i s t i c with z i n c , n i c k e l 

and cadmium i n s o l u s t i o n c u l t u r e experiments using bush beans 

(Wallace and Romney 1977c). "Copper, n i c k e l and cadmium were 

more t o x i c together than any one alone". These authors a l s o 

noted a s y n e r g i s t i c e f f e c t (decreased l e v e l s of phosphorus, zinc 

and i r o n i n bush bean roots) when copper and n i c k e l were appl i e d 

together i n s o l u t i o n c u l t u r e experiments. 

A major f a c t o r i n f l u e n c i n g copper t o x i c i t y i n pl a n t s i s the 

v a r i a t i o n e x h i b i t e d by d i f f e r e n t p l a n t species i n uptake and 

s u s c e p t i b i l i t y to copper t o x i c o s i s . Leguminous p l a n t s seem 

p a r t i c u l a r l y s e n s i t i v e to high concentrations of copper. This i s 

due to the i n h i b i t o r y e f f e c t of copper on root nodulation and 

f i x a t i o n (Vesper and Weidensaul 1978, Porter and Sheridan 1981). 

Vesper and Weidensaul (1978) reported that copper at a l l l e v e l s 

tested had adversely impacted dry weights of stems and f o l i a g e . 

Copper treatments of 5 and 10 ppm decreased nitrogen f i x a t i o n 39 

and 46 percent r e s p e c t i v e l y . A l l copper l e v e l s reduce n o d u l a t i o n . 

Porter and Sherdian (1981) reported nitrogen f i x a t i o n was 

eli m i n a t e d i n a l f a l f a at s o l u t i o n concentrations of 100 ug 

copper/ml. 

In c o n t r a s t there are some p l a n t s which are t o l e r a n t to 

elevated copper l e v e l s . Wallace et a l . (1977e) found that 51.2 

ppm copper ( i n shoots) had no adverse impact upon the veg e t a t i v e 

y i e l d of r i c e p l a n t s . Hogan and Rauser (1979) found that a 50 

percent reduction i n y i e l d occurred in non-tolerant clones of 

Ag r o s t i c s qigantea at concentrations of 8 mmol/m-3, while t h i s 

l e v e l of reduced growth was not reached by the t o l e r a n t clone 

u n t i l concentrations exceeded 40 mmol/m-3. Hague and Subramanian 

11 
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(1982) reported that the y i e l d of peren n i a l ryegrass was reduced 

a f t e r the dry matter accumulation of copper exceeded 40 ppm. 

Ty p i c a l background concentrations of grasses and legumes 

are 5 and 15 ppm r e s p e c t i v e l y (Table 3). P r i c e et a l . (1955) 

measured a copper concentration range of 1.5 ppm (timothy) to 

29.0 ppm (red clover) i n the Piedmont area of V i r g i n i a . Elevated 

l e v e l s of copper i n vegetation range up to 1457 ppm found i n the 

roots of copper t o l e r a n t clones of A g r o s t i s gigantea (Hogan and 

Rause, 1979). These authors reported shoot copper concentrations 

of 487 to 801 ppm i n the t o l e r a n t clones of t h i s species. Levels 

considerably below these concentrations are phytotoxic to many 

pl a n t s (Table 4). S e l e c t i o n of phytotoxic c r i t e r i a f or copper i n 

pl a n t s i s discussed i n s e c t i o n 3.1. 

2.2 Mercury Levels i n S o i l s and Plants 

Mercury, the only l i q u i d metal at normal temperatures of 

the earth's s u r f a c e , i s present i n trace amounts in most g e o l o g i ­

c a l m a t e r i a l s , s o i l s and pl a n t s (Connor and Shacklette 1975, 

Lagerwerff 1972, Shacklette and Boerngen 1984, Smart 1968, Vostal 

1972, Wedepohl 1978). This element i s very t o x i c to fungi and 

most plan t s as w e l l as higher animals i n c l u d i n g man (Bowen 1966, 

Cook 1977, D ' l t r i 1972). Mercury ore deposites are found i n 

g e o l o g i c a l l y a c t i v e b e l t s , i n c l u d i n g the P a c i f i c rim and a b e l t 

through A s i a and the Mediterranean. The l a r g e s t and r i c h e s t 

d e p o s i t s have been found i n Spain ( D ' l t r i 1972). Mercury i s al s o 

known to be associated with many hydrothermal ore deposits of 

precious and base metals and has been used for geochemical 

prospecting for such deposits ( F l e i s c h e r 1970, Oftedal 1940, 

McCarthy et a l . 1969, Warren et a l . 1966). 

Annual g l o b a l m o b i l i z a t i o n of mercury i n t o the atmosphere 

has been estimated at 25,000 and 11,000 to 20,000 metric tons f o r 

na t u r a l and anthropogenic sources r e s p e c t i v e l y (Galloway et a l . 

1982). Major sources of anthropogenic mercury include mining and 

smel t i n g , manufacturing, combustion of f o s s i l f u e l s , c h l o r - a l k a l i 

p l a n t s , sewage d i s p o s a l and a g r i c u l t u r e (Blackwood et a l . 1979, 

B u l l et a l . 1977, Cappon 1984, Crockett and Kinnison 1979, D ' l t r i 
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Table 3. Background copper l e v e l s In p l a n t s , 

Hazard Exposure 
Medium Use (ppm DW) Response Pathway R e c e p t o r D u r a t i o n Method • t»dY 1 

U.S. S o i l s Red C l o v e r ( 1 0 . 0 ) * Background P l a n t Uptake Above Ground 
Biomass NR H N 0 3 / D i t h i z o n e F i e l d 

U.S. S o i l s A l f a l f a (8.8) Background P l a n t Uptake M NR AAS F i e l d 
U.S. S o i l s A l s i k e C l o v e r (8.3) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Sweet C l o v e r (7.9) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s L a d i n o C l o v e r (7.9) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s L o t u s (7.4) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Smooth Brome (5.9) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s B l u e g r a s s (5.5) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Orchard Grass (5.2) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Timothy (4.6) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Fescue (4.4) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s wheatgrass (4.0) Background P l a n t Uptake NR AAS F i e l d 
U.S. S o i l s Broomsedge (1.5) Background P l a n t Uptake NR AAS F i e l d 
L a t e r i t i c G r a v e l l y Tr i f o l i u m 

Sand, pH 5.0 h i rtum 5.3-12.3 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y O r n i t h o p u s 

Sand, pH 5.0 s a t i v u s 7.2-8.9 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y P i sum 

Uptake 

Sand, pH 5.0 arvense 7.4-8.4 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y L upinus 

Sand, pH 5.0 c o n s e n t i n i i 5.8-8.8 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y O r n i t h o p u s 

Sand, pH 5.0 compressus 7.0-8.1 Background P l a n t Uptake * 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y 

Sand, pH 5.0 Sub. c l o v e r 6.2-10.7 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y 

Sand, pH 5.0 A l f a l f a 5.1-7.6 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y L u p i n u s 

Sand, pH 5.0 l u t e u s 4.6-8.5 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y V i c i a 

Sand, pH 5.0 a t r o p u r p u r e a 5.6-8.0 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y L u p i n u s 

Sand, pH 5.0 a l b u s 3.2-6.8 Background P l a n t Uptake " 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y L upinus 

Sand, pH 5.0 a n g u s t i f o l i a 3.0-6.0 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y A r c t o t h e c a 

Sand, pH 5.0 c a l e n d u l a 6.2-16 .5 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y 

Sand, pH 5.0 Rye 4.5-8.5 Background P l a n t Uptake '* 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y 

Sand, pH 5.0 Wheat 3.3-5.6 Background P l a n t Uptake " 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y 

Sand, pH 5.0 Bar l e y 2.5-5.4 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y Oats cv 

Uptake 

Sand, pH 5.0 B a l 1 i d u 2.4-6.8 Background P l a n t Uptake " 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y Oats cv 

Sand, pH 5.0 Avon 2.4-7.6 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y Bromus 

Sand, pH 5.0 r i g i d u s 3.9-9.7 Background P l a n t Uptake 3-5 months AAS F i e l d 
L a t e r i t i c G r a v e l l y Bromus 

Sand, pH 5.0 mo11i s 3.8-6.6 Background P l a n t Uptake 3-5 months AAS F i e l d 
Piedmont S o i l s A l f a l f a 6.5-19.7 Background P l a n t Uptake M a t u r i t y AOAC F i e l d 
Piedmont S o i l s Lespedeza 6.0-J4.2 Background P l a n t Uptake (July-Aug) AOAC F i e l d 
Piedmont S o i l s Red C l o v e r 10.5-29.0 Background P l a n t Uptake AOAC F i e l d 
Piedmont S o i l s L a d i n o C l o v e r 10.2-15.2 Background P l a n t Uptake " AOAC F i e l d 
Piedmont S o i l s Timothy 1.5-9.7 Background P l a n t Uptake AOAC F i e l d 
piedmont S o i l s O r chard Grass 8.0-18.5 Background P l a n t Uptake AOAC F i e l d 
Cottenham Sandy Loam Onions 3.9 w/MYC B Background P l a n t Uptake Leaves 5 weeks AAS F i e l d 
Cottenham Sandy Loam Onions 2.8 wo/MYCB Background P l a n t Uptake Leaves 5 weeks AAS F i e l d 

R«ference 
—cn 

Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 
Kubota (1983) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . (1975) 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

Gladstones et a l . 

, (1975) 

(1975) 

(1975) 

(1975) 

(1975) 

(1975) 

(1975) 

(1975) 

(1975) 

(1975) 

Gladstones et a l . (1975) 
Price et a l . (1955) 
Price et a l . (1955) 
Price et a l . (1955) 
Price et a l . (1955) 
Price et a l . (1955) 
Price et a l . (1955) 
Gildon and Tinker (1983) 
Gildon and Tinker (1983) 

* ( ) denotes means 
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Tab le 3. Background copper l e v e l s in p l a n t s , con t i nued . 

U s e 
L e v e l 

{ppm DW) 
H a z a r d 
R e s p o n s e 

E x p o s u r e 
P a t h w a y Receptor 

Study 
S e t t i n g Reference 

u s. S o i l s 
u s. Soi Is 
u s. S o i l s 
u s. S o i l s 
u s. S o i l s 
u s. Soi Is 
u s. S o i l s 
0 s. Soi Is 

u s. S o i l s 

u. s. Soi Is 
u. s. S o i l s 

u. s. S o i l s 
u. s. S o i l s 
U.S. S o i l s 

U.S. S o i l s 

Cabbage (wi) 
Corn (Ga) 
Corn (Mo) 
Cucumber (wi) 
Potato (Wi) 
Soybean (Mo) 
Tomato (Ga) 
Black Cherry 
(Ga) 

Buckbush 
(Mo) 

Cedar (Mo) 

20-158 
78-158 
58-188 
68-128 
48-158 

188-288 
38-158 

(29) AWT 
(188) AWT 
(78) AWT 
(77) AWT 
(94) AWT 
(178) AWT 
(79) AWT 

78-588 (178) AWT 

Sand Culture 
Sand Culture 
Sand Culture 
Sand Culture 
S o l u t i o n C u l t u r e 
S o l u t i o n Culture. 
B r i t i s h Columbia 

Soi Is 

P o l l u t e d S o i l s 

S o i l 

Shagbark Hickory 
(Ky) 

Black Oak (Ky) 
white Oak (Ky) 
Smooth Sumac 
(Mo) 

winged Sumac 
Barley 
Barley 
Barley 
B a r 1 ey 
Bush Beans 
Bush Beans 
Timber Milk 
Vetch 

Arnica 
Pinegrass 

1 8 8 - 1 5 8 8 
2 8 - 2 8 8 

5 8 - 5 8 8 
7 8 - 5 8 8 
7 8 - 2 8 8 

5 8 - 2 8 8 
5 8 - 2 8 8 
1 2 . 4 

4 . 6 
3 .8 
2 . 8 
7 .4 
3 . 7 

(198) AWT 
(58) AWT 

(138) AWT 
(128) AWT 
(138) AWT 

(118) AWT 
(118) AWT 

2 . 8 - 9 . 8 ( 6 . 1 ) 
4 . 5 - 8 . 5 ( 6 . 4 ) 
4 . 5 - 1 8 . 2 ( 7 . 2 ) 

Kentucky Bluegrass 7.9-14.1 (9.9) 
3.7-7.9 (6.2) 
7.9- 8.5 (8.2) 

Organic Muck S o i l s 

Wheatgrass 
Lupine 
A g r o s t i s 
gigantea 

T a l l Fescue 

Lettuce 
Lettuce 
Celery 
Celery 
C a r r o t s 
Carrots 
Lettuce 

Lettuce 
Celery 
Celery 
Potato 
Potato 
Carrot 
C a r r o t 
Parsnip 
Parsnip 
Onion 

Onion 
Onion 
C a u l i f l o w e r 
C a u l i flower 
C a u l i flower 
Cabbage 
Cabbage 

8) 

48-89 
3.3-18.2 

(3.6) - (5.4) 
(18.4) - (29.8) 
(4.6) - (6.4) 
(13.8) - (25.5) 
(4.8) - (6.5) 
(6.5) - (17 
(8.7) 

(24.8) 
(7.8) 
(12.6) 
(11.1) 
(18.9) 
(6.9) 
(4.9) 
(8.9) 
(8.9) 
(4.3) 

(24.1) 
(3.7) 
(3.9) 
(8.6) 
(4.5) 
(2.9) 
(7.7) 

Background Plant Uptake Plant Uptake NR AAS r i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (197«) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et al . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et al . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et al . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et al . (1976) 

Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 

Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et al . (1976) 

Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 

Back ground Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Plant Uptake NR AAS F i e l d Conner et a l . (1976) 
Background Plant Uptake Roots 

Uptake 
9 weeks CCM Greenhouse/Nut. S o i l Agarwala et a l . (1*77) 

Background Plant Uptake Young Leaves 9 weeks CCM Greenhouse/Nut. S o i l Agarwala et a l . (1977) 
Background Plant Uptake Old Leaves 9 weeks CCM Greenhouse/Nut. S o i l Agarwala et a l . (1977) 
Background Plant Uptake Stem 9 weeks CCM Greenhouse/Nut. S o i l Agarwala et a l . (1977) 
Background Plant Uptake Leaves 17 days ES Greenhouse/Soi1 Pots Wallace et a l . (1977d) 
Background Plant Uptake Stems 17 days ES Greenhouse/Soil Pots Wallace et a l . (1977d) 

Above Ground 
17 days 

Background Plant Uptake Bi omass NR AAS F i e l d F letcher and Brink (1969) 
Background Plant Uptake NR AAS F i e l d F l e t c h e r and Brink (1969) 
Background Plant Uptake NR AAS F i e l d F letcher and Brink (1969) 
Background Plant Uptake NR AAS F i e l d F letcher and Brink (1969) 
Background Plant Uptake NR AAS F i e l d F letcher and Brink (1969) 
Background Plant Uptake 

• 
NR AAS F i e l d F l e t c h e r and Brink (1969) 

Background near 
Sudbury Plant Uptake Shoots Matur i ty AAS F i e l d Hogan et a l . (1977) 

Background (Penn) Plant Uptake Above Ground 
Matur i ty 

Biomass NR NR F i e l d Sopper and Seaker (1984) 
Background(Ont) Plant Uptake Leaves NR AAS F i e l d Czuba and Hutchinson (1980) 

" Plant Uptake Roots NR AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaves NR AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Roots NR AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaves NR AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Roots NR AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf M a t u r i t y / 

Autumn AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Root » AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf/Stalk AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Root AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf AAS F i e l d Czuba and Hutchinson (1980) 

" Plant Uptake Roots/Tubers AAS P i e l d Czuba and Hutchinson (1980) 
n Plant Uptake Leaf AAS F i e l d Czuba and Hutchinson (1980) 

« Plant Uptake Root AAS F i e l d Czuba and Hutchinson (1980) 
n Plant Uptake Leaf Spring AAS F i e l d Czuba and Hutchinson (1980) 

Plant Uptake ROOt Spr ing AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf Maturi t y / 

Autumn AAS F i e l d Czuba and Hutchinson (1980) 
•1 Plant Uptake Root • AAS F i e l d Czuba and Hutchinson (1980) 

Plant Uptake Bulb AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf " AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Root AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Flower Head " AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Leaf * AAS F i e l d Czuba and Hutchinson (1980) 
Plant Uptake Root AAS F i e l d Czuba and Hutchinson (1980) 

I 
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Tab le 3. Background copper l e v e l s in p l a n t s , con t i nued . 

™""~™™ Level Hazard nejesure" ~^~^™""stu3y"™ ~ ~ ™ ^ " " 
Mediae Use (ppm DW) Response pathway Receptor Duration Method setting Reference 

P l a i n f i e l d Loamy Background F i r s t T r i f o ­
Sand Snap Beans 16.7-18.3 Plant Uptake Leaves l i a t e Leaf AAS F i e l d Walsh et a l . (1972) 

f Snap Beans 8.3-24.7 Plant Uptake Leaves Pod Set AAS F i e l d Walsh et a l . (1972) 
H Snap Beans 14.3-17.8 plant uptake Leaves Maturity AAS F i e l d Walsh et a l . (1972) 

Snap Beans 18.7-16.8 Plant Uptake Stems Maturity AAS F i e l d Walsh et a l . (1972) 

• 
Snap Beans 12.8-18.8 Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 

S o l u t i o n C u l t u r e Per. Ryegrass 3.8 Background Plant Uptake Shoots 21 Days AAS Greenhouse J a r v i s (1978) 
Frilsham Loam Per. Ryegrass 8.8 Background Plant Uptake Shoots 42-182 days AAS Greenhouse J a r v i s (1978) 
Frilsham Loam Per . Ryegrass 12.6 Background Plant Uptake Roots 182 days AAS Greenhouse J a r v i s (1978) 
R i t z v i l l e S i l t Loam Soybeans 3.98 Background Plant Uptake Tops 68 days AAS Greenhouse Cataldo and Wildung (1978) 
Hubbard coarse Sand Snap Beans 4.1 Background (Unfert) Plant Uptake Pods Maturity AAS F i e l d L a t t e r e l l et a l . (1978) 

* Snap Beans 2.8 Background (Fert) Plant Uptake Pods Ma t u r i t y AAS F i e l d L a t t e r e l l et a l . (1978) 
Snap Beans 18.8 Background (Unfert) Plant Uptake Leaves Early Bloom 

F i e l d 
Snap Beans Background (Unfert) Uptake 

Stage AAS F i e l d L a t t e r e l l et a l . 11978) 

" Snap Beans 8.2 Background (Fert) Plant Uptake Leaves 
Stage 

AAS F i e l d L a t t e r e l l et a l . (1978) 
U.S. S o i l s Lettuce 1.6-18.3 (6.3) Background Plant Uptake Edible Portions NR ICP F i e l d Wolnik et a l . (1983) 
U.S. S o i l s Peanuts 8.91-22 (8.6) Background Plant Uptake NR ICP F i e l d Wolnik et a l . (1983) 
U.S. S o i l s Potatoes 8.73-14 (5.8) Background Plant Uptake H NR ICP F i e l d Wolnik et a l . (1983) 
U.S. S o i l s Soybeans 3.5-29 (12) Background Plant Uptake NR ICP F i e l d Wolnik et a l . (1983) 
U.S. S o i l s Wheat 2.5-9.9 (5.8) Background Plant Uptake NR ICP F i e l d Wolnik et a l . (1983) 
U.S. s o i l s Sweet Corn 8.89-4.3 (2.1) Background Plant Uptake NR ICP F i e l d Wolnik et a l . (1983) 



Tab le k. E levated copper l e v e l s in p l a n t s . 

Level Hazard Exposure Study 
Medium Use (ppm DW) Response pathway Receptor Duration Method S e t t i n q Reference 

Sand Cu l t u r e Bar ley 2120 31 1 YR CuS0 4 5H20 Roots 6 weeks CC Greenhouse Agarwala et a l . (1977) 
Frilsham Loam Perennial Plant Uptake 

Ryegrass 377 3 49 % YR Cu ( N 0 3 ) 2 3H20 Roots 102 days AAS Greenhouse J a r v i s (1978) 
Sand Cu l t u r e Barley 156 34 % YR CuS0 4 5H 20 Old Leaves 6 weeks CC Greenhouse Agarwala et a l . (1977) 
Warsaw Sandy Loam Corn 127 8 60 % YR Amended Siudge Above Ground 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Frilsham Loam Perennial 

Ryegrass 94.7 7-8 % YR Plant Uptake Roots 102 days AAS Greenhouse J a r v i s (1978) 
Sand Cu l t u r e Oats 92 S p e c i f i c Cu Tox. 44 % Spectro-

Reduction i n pla n t Height CuS0 4 5H2O Shoots 40 days chemical Greenhouse Hunter and Vergnano (1953) 
Warsaw Sandy Loam Corn 83 8 41 % YR Amended Sludge Above Ground 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Warsaw Sandy Loam Corn 56 1 45 % YR Amended Sludge Above Ground Amended Sludge 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Warsaw Sandy Loam Rye 53 8 39 % YR Amended Sludge Above Ground 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Sand Cu l t u r e Barley 52 34 % YR Cu SO4 5H20 Stem 6 weeks CC Greenhouse Agarwala et a l . (1976) 
NR Cabbage 50 Reduced Y i e l d NR NR NR NR NR Hara and Sonoda (1979) 
Sand Cu l t u r e Bar ley 49 34 % YR CuS0 4 5HjO Young Leaves 6 weeks CC Greenhouse Agarwala et a l . (1976) 
Warsaw Sandy Loam Corn 43 7 59 % YR Amended Sludge Above Ground Amended Sludge 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
"Sandy S o i l " White Clover 37 50 % YR Plant Uptake Shoots 8 weeks AAS Greenhouse Dijkshoorn et a l (1979) 
Sand Cu l t u r e Oats 37 Highly C h l o r a t i c 13 1 

Plant Uptake 
Spectro-

Reduction i n Pla n t Height Cu SO4 5H 20 Shoots 40 days 

6 weeks 

chemical Greenhouse Hunter and Vergnano (1953) 
Warsaw Sandy Loam Corn 35 1 51 % YR Amended Sludge Above Ground 

Biomass 

40 days 

6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Yolo Loam Bush Bean 34 3 83 % YR Plant Uptake Leaves 17 days 

6 weeks 

ES Greenhouse/Soil Pots Wallace et a l . (1977a) 
Warsaw Sandy Loam Rye 30 9 29 % YR Amended Sludge Above Ground 

B iomass 

17 days 

6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Warsaw Sandy Loam Corn 30 5 44 % YR Amended Sludge Above Ground 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Yolo Loam Bush Bean 28 .8 26 % YR Plant Uptake Leaves 17 days ES Greenhouse/Soi1 Pots Wallace et a l . (1977a) 
P l a i n f i e l d Loamy Sand Snap Beans 27 3 84 % YR Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
Warsaw Sandy Loam Rye 26 .1 14 % Y i e l d Increase Amended Sludge Above Ground 

Ma t u r i t y 

Biomass 6 weeks AAS Greenhouse Cunningham et a l . (1975a) 
Frilsham Loam Perennial 

Ryegrass 25 5 6.9 % YR Plant Uptake Shoots 102 days AAS Greenhouse J a r v i s (1978) 
S o l u t i o n C u l t u r e Perennial 

Plant Uptake 102 days 

Ryegrass 24 7 3.4 t YR CuS0 4 5H2O Shoots 21 days AAS Greenhouse J a r v i s (1978) 
P l a i n f i e l d Loamy Sand Snap Beans 20 .7 38 % YR Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
Yolo Loam Bush Bean 20 3 69 % YR Plant Uptake Stem 17 days ES Greenhouse/Soi1 Pots Wallace et a l . (1977a) 
P l a i n f i e l d Loamy Sand Snap Beans 20 .0 17 % YR (N.S.) Plant Uptake Pods Matur i ty AAS F i e l d Walsh et a l . (1972) 
P l a i n f i e l d Loamy Sand Snap Beans 19 6 34 % YR Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
P l a i n f i e l d Loamy Sand Snap Beans 18 .7 5 % YR (N.S.) Plant Uptake Pods Matur i t y AAS F i e l d Walsh et a l . (1972) 
Sand Cu l t u r e Barley 18-21 (20) 10 % YR Plant Uptake Shoot 5 l e a f stage AAS Greenhouse Davis and Beckett (1978) 
"Sandy S o i l " Perennial 

Plant Uptake 5 l e a f stage 

Ryegrass 18 50 % YR Plant Uptake Shoot 4 weeks AAS Greenhouse Dijkshoorn et a l (1979) 
Yolo Loam Bush Bean 17 8 12 % YR (N.S.) Plant Uptake Leaves 17 days ES Greenhouse/Soi1 Pots Wallace et a l . (1977a) 
P l a i n f i e l d Loamy Sand Snap Beans 17 7 24 % YR (N.S.) Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
P l a i n f i e l d Loamy Sand Snap Beans 17 3 6.5% Y i e l d Increase (N.S.) Plant Uptake Pods Matur i t y AAS F i e l d Walsh et a l . (1972) 
P l a i n f i e l d Loamy Sand Snap Beans 17 4 % YR (N.S.) Plant Uptake Pods Matur i t y AAS F i e l d Walsh et a l . (1972) 
Sand C u l t u r e Oats 17 Normal CuS0 4 5H2O Shoots 40 days Spectro-

Hunter and Vergnano (195 3) 
CuS0 4 5H2O 40 days 

chemical Greenhouse Hunter and Vergnano (195 3) 
P l a i n f i e l d Loamy Sand Snap Beans 16 .3 14 * YR (N.S.) Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
Frilsham Loam Perennial Plant Uptake 

Ryegrass 15 3 7.8 I YR C u ( N 0 3 ) 2 3H20 Shoots 42-102 days AAS Greenhouse J a r v i s (1978) 
P l a i n f i e l d Loamy Sand Snap Beans 15 76 % YR Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
P l a i n f i e l d Loaay Sand Snap Beans 15 1.6 t YR (N.S.) Plant Uptake Pods Ma t u r i t y AAS F i e l d Walsh et a l . (1972) 
"Sandy S o i l " P l a n t a i n 15 50 % YR Plant Uptake Shoots 6 weeks AAS Greenhouse Dijkshoorn et a l (1979) 

* . 



Table k. E leva ted copper l e v e l s in p l a n t s , c o n t i n u e d . 

Level 
(ppm DW) 

Ha zard 
Response 

Exposure 
Pathway Recepto 

Prilahatn Loam 

S o l u t i o n Culture 

P l a i n f i e l d Loamy 
P l a i n f i e l d Loamy 
P l a i n f i e l d Loamy 
Yolo Loam 
P l a i n f i e l d Loamy 
S o l u t i o n Culture 

P l a i n f i e l d Loamy 
Yolo Loam 
Yolo Loam 
S o l u t i o n Culture 

Yolo Loam 
Sand Culture 
Sand Culture 

Perennial 
Ryegrass 

Perennial 
Ryegrass 

Sand Snap Beans 
Sand Snap Beans 
Sand Snap Beans 

Bush Bean 
Sand Snap Beans 

Perennial 
Ryegrass 

Sand Snap Beans 
Bush Bean 
Bush Bean 
Perennial 
Ryegrass 

Bush Bean 
Soybeans 
Soybeans 

Plant Uptake 
C u ( N 0 3 ) 2 3H 20 Shoots 

14.2 17.6% Y i e l d Increase CuSC 4 5H 20 
13.7 21 % YR (N.S.) 
12.3 1.5 % Y i e l d Increase (N.S.) 
12.3 3 % YR (N.S.) 
11.7 14 I YR (N.S.) 
11 26 % Y i e l d Increase 

10.7 13 % Y i e l d Increase 
10.3 15 % Y i e l d Increase (N.S.) 
10 17 % YR (N.S.) 
9.5 0.8 % YR (N.S.) 

5.9 7.3 % Y i e l d increase 
5.0 1.1 % YR (M.S.) 
3.22 27 % YR 
3.15 11 % YR 

Plant Uptake 
Plant Uptake 
Plant Uptake 
Plant Uptake 
Plant Uptake 

CUSO4 5H 20 
Plant Uptake 
Plant Uptake 
Plant Uptake 

CuS0 4 5H 20 
Plant Uptake 
Cu S o l u t i o n 
Cu S o l u t i o n 

Pods 
Pods 
Pods 
Stem 
Pods 

Shoots 
Pods 
Leaves 
Stem 

shoots 
Stem 
Shoots 
Shoots 

o 

~ ' study 
Duration Method S e t t i n g Reference 

42-112 days AAS Greenhouse J a r v i s (1978) 

21 days AAS Greenhouse J a r v i s (1978) 
Maturity AAS F i e l d Walsh et a l . (1972) 
Maturity AAS F i e l d Walsh et a l . (1972) 
Maturity AAS F i e l d Walsh et a l . (1972) 
17 days ES Greenhouse/Soil Pots Wallace et a l . (1977a) 

Maturity AAS F i e l d Walsh et a l . (1972) 

21 days AAS Greenhouse J a r v i s (1978) 
Maturity AAS F i e l d Walsh et a l . (1972) 
17 days ES Greenhouse/So i1 Pots Wallace et a l . (1977a) 
17 days ES Greenhouse/So i1 Pots Wallace et a l . (1977a) 

21 days AAS Greenhouse J a r v i s (1978) 
17 days ES Greenhouse/Soil Pots Wallace et a l . (1977a) 
42 days AAS Greenhouse Vesper and Weidensaul (1978) 
42 days AAS Greenhouse Vesper and Weidensaul (1978) 
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1972, Lindberg and Turner 1977, Lindberg et a l . 1979). T y p i c a l 

condenser stack gas emissions from primary lead smelters of 0.12 

Kg mercury per metric ton of lead ore, have been reported 

(Blackwood et a l . 1979). A g r i c u l t u r a l use of mercury for seed 

treatments and f u n g i c i d e s has decreased in recent years due to 

environmental concerns and the danger of mercury entering the 

food chain ( F r i b e r g and V o s t a l 1972). 

Mercury i s found i n three valence s t a t e s : m e t a l l i c Hg, Hg + 

and H g + + and forms hundreds of inorganic and organic compounds 

( B a t t e l l e 1977). Mercury has received very l i t t l e a t t e n t i o n 

concerning the existence and l e v e l s of s p e c i f i c chemical forms 

which could i n f l u e n c e the s o i l chemistry and eventual plant 

uptake (Cappon 1984). The three common forms of mercury; 

elemental, inorganic s a l t s , and organic compounds, are a l l t o x i c 

but the organic compounds, e s p e c i a l l y the a l k y l mercury com­

pounds, appear the most hazardous (Blackwood et a l . 1979). The 

t o x i c i t y of mercury to t e r r e s t r i a l p l a n t s apparently depends more 

on chemical form than on i t s concentration (Ratsch 1974). 

2.2.1 T o t a l mercury l e v e l s i n s o i l s 

Mercury i s immobilized i n s o i l s through three b a s i c 

processes: 1) formation of r e l a t i v e l y i n s o l u b l e forms such as 

HgS, m e t a l l i c Hg and H g 2

2 + ; 2) s o r p t i o n by s o i l c o l l o i d s , 

e s p e c i a l l y c l a y s ; and 3) complexation by organic ligands (Gilmour 

and M i l l e r 1973, Hogg et a l . 1978, Kabata-Pendias and Pendias 

1984, Lindberg et a l . 1979, Weaver et a l . 1984). Accumulation of 

mercury i n s o i l s i s c o n t r o l l e d by organic complex formation and 

by p r e c i p i t a t i o n (Kabata-Pendias and Pendias 1984). Mercury i s 

u s u a l l y retained i n s o i l s as s l i g h t l y mobile organocomplexes 

(Kabata-Pendias and Pendias 1984) and organic s o i l s g e n e r a l l y 

have elevated mercury l e v e l s compared to mineral s o i l s 

(Chattopadhyay and J e r v i s 1974, Frank et a l . 1976). Lindberg et 

a l . (1979) reported a c o n t r o l s o i l (pH 5.6) i n the v i c i n i t y of 

the Almaden mercury deposit in Spain i n which organo-clay 

complexes contained 38 percent of the s o i l mercury d i s t r i b u t i o n , 

and the c l a y - m i n e r a l f r a c t i o n and mineral f r a c t i o n contained 35 
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percent and 6 percent of the s o i l mercury r e s p e c t i v e l y . Dudas 

and Pawluk (1977) found a s i g n i f i c a n t r e l a t i o n s h i p between 

mercury l e v e l s and 1) c a t i o n exchange c a p a c i t y (CEC), 2) organic 

matter content and 3) exchangeable calcium only i n poorly drained 

s o i l s . These authors found no s i g n i f i c a n t r e l a t i o n s h i p s between 

s o i l mercury l e v e l s and pH, organic matter content, CEC or 

exchangeable calcium f o r w e l l drained or solonetz s o i l s . This 

may have been p a r t i a l l y due to the low mercury l e v e l s found i n 

t h i s study (only one sample >0.060 ppm mercury). 

Mercury l e v e l s i n s o i l s may be decreased by three general 

mechanisms: 1) v o l a t i l i z a t i o n , 2) l e a c h i n g , and 3) pl a n t uptake. 

Mercury i n s o i l s i s unique i n that i t i s one of the few metals 

that i s r e a d i l y v o l a t i l i z e d and l o s t to the atmosphere from 

surface s o i l s (Frear and D i l l s 1967, Gilmour and M i l l e r 1973, 

Lindberg et a l . 1979). Estimates of mercury v o l a t i l i z a t i o n range 

from 10 to 32 percent and 44 to 56 percent by Hogg et a l . (1978) 

and Gilmour and M i l l e r (1973) r e s p e c t i v e l y . Lindberg et a l . 

(1979) measured 0.13 and 0.33 ug mercury/m 2 v o l a t i l i z a t i o n per 

hour at 25°C from background s o i l s and s o i l s near the Almadin 

mercury mine r e s p e c t i v e l y . Hogg et a l . (1978) determined 10 to 

32 percent of a l l a p p l i e d s o i l mercury i n t h e i r experiments was 

l o s t presumably by v o l a t i l i z a t i o n . The formation of v o l a t i l e 

mercury has been shown to be s t i m u l a t e d by increased s o i l 

moisture, pH, and temperature (Frear and D i l l s 1967, Gilmour and 

M i l l e r 1973) . 

Leaching of mercury from surface s o i l s i s l i m i t e d but 

apparently does occur. S i g n i f i c a n t movement of spiked mercuric 

c h l o r i d e has been demonstrated from the 0 to 10 cm s o i l l a yer to 

the 20 to 30 cm s o i l l a y e r and 30 to 40 cm s o i l l a y e r for loam 

and loamy sand s o i l s r e s p e c t i v e l y (Hogg et a l . 1978). However, 

these authors found the movement of mercuric c h l o r i d e , phenyl-

mercuric acetate (PMA), and methyl mercuric c h l o r i d e (MMC) to be 

"severely l i m i t e d " even i n l i g h t textured s o i l s of low organic 

content. No s t a t i s t i c a l s i g n i f i c a n c e between mercury l e v e l s i n A 

and C horizons of 16 Manitoba s o i l s e r i e s (loamy through c l a y 

s o i l s ) was found by M i l l s and Zwarich (1975). Mercury l e v e l s i n 
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0100676 
rangeland s o i l s of the Powder River Basin are only s l i g h t l y 

higher i n s u b s o i l s than i n surface s o i l s (Connor et a l . 1976). 

Most mercury deposited on s o i l i s confined to the upper 3 cm 

( B a t t e l l e 1977) and i s u s u a l l y present in surface s o i l s at 

seve r a l times the l e v e l s i n s u b s o i l s (Kabata-Pendias and Pendias 

1984) . 

Mercury removal from the s o i l system by plant uptake i s 

also l i m i t e d . Very high mercury concentrations have been found 

i n roots of sev e r a l species of p l a n t s . Roots of r i c e p l a n t s were 

reported to contain 1000 ppm mercury while the g r a i n from these 

plan t s contained only 0.5 ppm mercury (Ishizuka and Tanaka 1962). 

Roots of most g r a i n crops and many vegetable crops remain i n the 

s o i l and hence, much of the mercury uptake by plants remains i n 

the s o i l system. Only the amount t r a n s l o c a t e d to the above 

ground biomass i s r e a d i l y removed (Section 2.3.2). 

The predominate form of inorganic mercury i s l i k e l y to be 

Hg (OH) 2 at pH > 7 (Kabata-Pendias and Pendias 1984). Acid gley 

s o i l s may contain HgS ( c i n n i b a r ) or m e t a l l i c mercury . (Kabata-

Pendias and Pendias 1984). Methylation of inorganic mercury has 

been confirmed i n a g r i c u l t u r a l s o i l s (Cappon 1984). Methyl-

mercury formation i n s o i l s i s apparently d i r e c t l y p r o p o r t i o n a l to 

c l a y and s o i l organic content, moisture content, temperature and 

substrate mercury concentrations (Cappon 1984). The process i s 

enhanced by pH l e v e l s <6.0. 

The e f f e c t of s o i l mercury on mycorrhizal a c t i v i t y i s 

uncertain but i t has been shown that a d d i t i o n s of z i n c , copper, 

n i c k e l or cadmium can adversely a f f e c t m ycorrhizal fungus and 

thus the phosphorus n u t r i t i o n of the host (Gildon and Tinker 

1983). Given the known t o x i c i t y of mercury and i t s use as a 

f u n g i c i d e , i t i s q u i t e l i k e l y that a s i m i l a r response would occur 

from elevated s o i l mercury l e v e l s . This subject needs f u r t h e r 

research. 

Mercury l e v e l s i n the earth c r u s t or l i t h o s p h e r e have been 

estimated from 0.05 to 0.5 ppm (Jenkins 1980, Swaine 1955). 

T y p i c a l values reported for sandstones, shales and carbonates are 

0.030 ppm, 0.400 ppm and 0.040 ppm r e s p e c t i v e l y (Wedepohl 1978) 
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(Table 5). T y p i c a l s o i l mercury l e v e l s are reported to range 

from 0.03 to 0.8 (Bowen 1966, Swaine 1955). Ratsch (1974) 

reported a United States s o i l mercury range of 0.10 to 0.500 ppm 

and most background s o i l mercury l e v e l s found i n the l i t e r a t u r e 

f a l l w i t h i n t h i s range (Table 5). Frank et a l . (1976), M i l l s and 

Zwarich (1975) and Dudas and Pawluk (1977) determined background 

mercury l e v e l s i n s o i l s of Ontario, Manitoba and A l b e r t a respec­

t i v e l y . The maximum range for these provinces was 0.01 to 0.78 

ppm mercury with a maximum mean value of 0.41 ppm mercury found 

i n an Ontario organic s o i l . Mean values for a l l Ontario and 

Manitoba s o i l s t e s t e d were 0.07 and 0.033 ppm r e s p e c t i v e l y . The 

only background mercury s o i l l e v e l exceeding 0.78 ppm was 

associated with organic muck (gley) s o i l s i n which the mercury 

content ranged from 1.97 ppm at the s o i l surface to 1.20 ppm at 

the 22.5 to 30 cm depth increment (Chattopadhyay and J e r v i s 

1974). Background mercury l e v e l s f o r surface s o i l s i n the Powder 

River Basin of Montana and Wyoming were reported to range from 

0.01 to 0.04 ppm with a geometric mean of 0.020 (Connor et a l . 

1976). Background surface s o i l sample s i t e s near the Helena 

V a l l e y had a reported mercury range of 0.06 to 0.12 ppm with a 

mean value of 0.08 (EPA 1986). 

Elevated s o i l mercury l e v e l s have been documented near 

i n d u s t r i a l s i t e s and urban areas (Table 6). Carey et a l . (1980) 

found s i g n i f i c a n t d i f f e r e n c e s between urban and suburban s o i l s 

for 5 midwestern and eastern c i t i e s i n the United S t a t e s . The 

absolute values derived i n t h i s study were questionable due to 

the s o i l d rying methods employed. K l e i n (1972) found mercury 

l e v e l s i n s o i l s of the Grand Rapids Michigan area of 0.10 and 

0.11 ppm for r e s i d e n t i a l and a g r i c u l t u r a l s o i l s r e s p e c t i v e l y . 

This author a l s o reported to 0.14 and 0.33 ppm mean s o i l mercury 

concentrations f o r i n d u s t r i a l s i t e s and an a i r p o r t r e s p e c t i v e l y . 

K l e i n and R u s s e l l (1973) found increased s o i l mercury l e v e l s 

(0.0079 versus 0.00102 ppm) near a c o a l f i r e d power p l a n t i n 

Michigan. 

Elevated s o i l mercury l e v e l s have been found near many 

smelters and ore deposites (Heilman and Ekuan 1977, Lindberg et 
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Table 5. Background total mercury levels in soils. 

Med i am Use 

Lev e l 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

ro 

B i o t i t e 

Garnet 

S t a u r o l i t e 

S i l l i m a n i t e 

Shales 

Sandstones 

Carbonates 

C o a l ( B i t ) 

Co a l (Brown) 

L i t h o s p h e r e 

S o i l s 

S o i l s , U.S. 

Ea r t h C r u s t 

S o i l , pH 7.4 

Not Given 

F u e l 

F u e l 

Not Given •• 
Garden 

U n c u l t i v a t e d S o i l Not Given 

U n m i n e r a l i z e d 
CA s o i l s 
S o i l 
" (Japan) 

0 . 0 1 - 0 . 3 8 

0 .006-0 .007 

0 .005-0 .963 

0 .002-2 .535 

0.400 

0.030 

0.040 

0 .008 -0 .022 

0 .001-0 .025 

0.5 

0 .03 

0 . 0 1 - 0 . 3 

(0 .071) 

0 .010 -0 .500 

0.05 

0.156 

0 .045 -0 .160 

0 . 0 2 - 0 . 0 6 
0.01 
0.28 

Background NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 
NR 

P l a n t uptake 

NR Not A p p l i c a b l e 

NR 

NR 

NR 

NR " 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR » 

P l a n t uptake Humans 

NR 

NR 
NR 
NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

FLAAS 

GLC 

NR 
NR 

F i e l d samples Wedepohl e t 
a l . (1978) 

NR 

NR 

NR 

F i e l d 

Swaine (1969) 

Bowen (1966) 

S h a c k l e t t e and 
Boerngen (1984 

Ratsch (1974) 

J e n k i n s (1980) 

Cappon (1984) 

Erdman e t a l . 
(1976) O 

F l e i s c h e r ( 1 9 7 * ) ^ ? 
EPA (1984) 0 

K i t a g i s h i and~CT> 
Yamane (198&>*vi 



Table 5. Background total mercury levels in s o i l s , continued. 

•tedium Use 

Level 
(ppm DW) 

means i n ( ) 

Muck s o i l (Sur) Market Garden 1.97 

Hazard 
Response 

Exposure 
Pathway Receptor Duration Method 

Study 
Setting Reference 

Background Plant uptake Humans Not Applicable IPAA F i e l d Chattopadhyay 
and J e r v i s (1974) 

" 0-7.5 cm 
" 7.5-15 cm 
" 15-22.5 cm 
" 22.5-30 cm 

Helena Valley pH 8.0 " 

Sur Soil/Powder Native Range 

River Basin " 

Subsoil/Powder 
River Basin 

S o i l s UK 

New York S o i l s 

A g r i c u l t u r e 

Orchards 

1.18 
1.62 
1.80 
1.20 

S o i l , 0-4 inch Crops/Range (0.08) 

16 Manitoba s o i l s Crops 

11 Winnipeg Urban 
S o i l s 

126 Ontario s o i l s F i e l d Crops 

0.06-0.12 

(0.020) Geometric 

0.01-0.04 

(0.023) Geometric 
0.01-0.04 

0.04-0.19 (0.106) 

0.2 

0.6 

0.020-0.053 

» 

« 

None Noted 

Background 

(0.033) 

(0.029) 

0.01-0.70 (0.07) 

Crops/ 
forage 

Sagebrush 

EPA CV 

AAS 

Grass 

Garden 
Plants 

Maturity FLAAS 

Grains/ Not applicable 
forage 

NR 

Small gr a i n s / 
forage 

II 

FLAAS - CV 

EPA (1986) 

Connor et a l . 
(1976) 

B u l l et a l . (1977) 

Elfvi n g et a l . 
(1978) 

M i l l s and 
Zwarich (1975) 

Frank et a l , 
(1976) 

Ontario Mineral 
S o i l s Vegetables 

Ontario Organic 
S o i l s " 

0.02-0.78 (0.10) 

0.05-1.11 (0.41) 

Vegetables 



Table 5. Background total mercury levels in soi l s , continued. 

Medium Use 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor Duration Method 

Study 
Setting Reference 

Ontario S o i l s 

Ontario Sandy 
So i l s 

Ontario Loam 
So i l s 

Ontario Clay 
So i l s 

Alberta Brown 
S o i l pH 7.2 

Alberta Black 
S o i l pH 6.4 

Alberta Gray 
S o i l pH 6.5 

Alberta Brown 
S o i l pH 6.5 

Alberta Black 
S o i l pH 6.9 

Alberta Gray 
S o i l pH 7.4 

Alberta Brown 
S o i l pH 6.4 

Orchards 

Crops 

.03-1.14 (0.29) Background Plant uptake Apples Not Applicable FLAAS - CA F i e l d 

0.02-0.27 (0.07) 

0.02-0.18 (0.06) 

0.04-0.31 (0.10) 

0.01-0.70 (0.06) 

0.02-0.78 (0.09) 

0.03-0.46 (0.08) 

0.024+0.007 

0.027+0.008 

0.024+0.005 

0.023+0.002 

0.035+0.015 

0.037+0.011 

0.016+0.003 

(Well drained) 

(Poorly drained) 

Cherries " 

Peaches " 

Grapes " 

NR 

NR 

NR " 

Cultivated " 
Crops 

Frank et a l , 
(1976) 

FLAAS Dudas and 
Pawluk (1977 

(Solonetz) 

O 
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Table 5. Background total mercury levels in soi l s , continued. 

Medium Use 

L e v e l 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

po 

B e r r i e n Co., 
pH (6.6) 
pH (5.4) 

Wayne Co. NY 
pH (5.5) 
pH (5.5) 
pH (6.6) 
pH (6.6) 

Yakima Co. 
pH (6.6) 
pH (7.9) 

MI 

WA 

(5.7) 
(6.3) 
(6.8) 
(7.1) 
(6.6) 

G l o u c e s t e r Co. 
pH (5.5) 

Mesa Co. CO 
(7.8) 
(7.7) 
(8.0) 
(7.6) 
(7.9) 

Twin F a l l s Co. 
pH (8.1) 
pH (8.2) 
pH (8.3) 
pH (8.0) 

San Joaquin Co 

PH 
pH 
pH 
PH 
PH 

pH 
pH 
pH 
pH 
PH 

Orchards 

Orchards 

Orchards 
•i 

F i e l d Crops 

0.059-0.68 (0.23) Background 
0.031-0.078 (0.044) 

0.14-0.32 (0.20) " 
0.040-0.085 (0.059) " 
0.047-0.096 (0.060) " 
0.04-2.6 (0.15) 

0.018-0.11 (0.044) 
0.01-0.16 (0.030) 

0.032-0.063 (0.043) 
0.19-0.040 (0.29) 
0.010-0.037 (0.025) 
0.026-0.041 (0.032) 
0.03-0.67 (0.046) 

NJ 
Orchards 0.01-0.13 (0.071) 

0.023-0.065 (0.041) 
0.026-0.058 (0.040) 
0.019-0.20 (0.042) 
0.029-0.062 (0.040) 
0.029-0.046 (0.036) 

PH 
pH 
PH 
PH 
pH 

(6.4) 
(6.8) 
(7.0) 
(7.5) 
(7.0) 

pH (8.5) 

F i e l d Crops 
ID 

V e g e t a b l e s 
II 

CA 
Orchards 

V e g e t a b l e s 
F i e l d Crops 

V e g e t a b l e s 

0.03-0.046 (0.038) 
0.023-0.037 (0.031) 
0.030-0.052 (0.037) 
0.024-0.043 (0.035) 

0.01-0.039 (0.021) 
0.030-0.043 (0.035) 
0.057-0.10 (0.073) 
0.043-0.13 (0.082) 
0.016-0.035 (0.026) 
0.010-0.039 (0.026) 

uptake A p p l e s M a t u r i t y FLAAS F i e l d S h a c k l e t 
n Pear s II i i II II 

t i A p p l e s n •" i t t i 

Peaches II M i t i i 

Pear s i i t i i i n 

n Plum II II t i II 

II A p p l e s t i i t " II 

" European 
Grapes •t i i i i 

t i Peaches i t t i II it 

i i Pear s II i t in i t 

uu Plum •i II t i t i 

i t P o t a t o e s i i ai II n 
ti­ Tomatoes i i t i H i i 

l l A p p l e s n N II M 

" A p p l e s on t l t i i t 

i t Peaches II no t l II 
i i Pears II 11 i t II 
II Plum 10 IB II II 
II Dry Beans i t 11 t i » 
II Dry Beans II II t i i t 

II P o t a t o e s t i II i t II 
M Snap Beans II It i t II 
i t Sweet Corn n II 11 t i 

European II Til Grapes II II II i i 

II Peaches II 11 II i i 

ga Pears tt It i t ti 
t i Cucumbers • i II t i GO 
« Dry Beans II II II » 
i t Tomatoes II t l 10 11 



Table 5. Background total mercury levels in soils, continued. 

I-O 
ON 

Medium 

Alberta Black 
S o i l pH 5.7 

Alberta Gray 
S o i l pH 6.2 

Canadian S o i l s 

Use 

Level 
(ppm DW) 

means in ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor Duration Method 

Study 
S e t t i r 

Crops 0.028+0.007 Background Plant uptake Cult i v a t e d Not FLAAS F i e l d 
Poorly Drained crops Applicable 

0.041+0.029 " 

Not Given 0.005-0.11(0.059) " 

Uncultivated 0.06 

NR 

NR 

NR 

NR 

NR 

AAS 

F i e l d 

Reference 

Dudas and 
Pawluk (1977) 

McKeague et a l 
(1979) 

McKeague and 
Wolynetz (1980) 

O 

- to 

•&> CO to 



2-; 
O 
o r 
CT> 
O© 
CO 

Table 6. Elevated total mercury levels in soils. 

Medium Use 

Level 
(ppm DW) Hazard Exposure 

means i n ( ) Response Pathway 
Receptor Duration Method 

Study 
Setting Reference 

Arenosa Fine 
Sand pH 4.7 Pasture 50 Toxic Plant uptake Bermuda 6 weeks HgCl 2 Added F i e l d / s o i l Weaver et a l . 

grass ~ pots (1984) 

Weswood S i l t 
Loam pH 7.7 Pasture Reduced Plant 

Growth 
6 weeks 

Houston Black 
clay pH 7.6 

Polluted S o i l s 

Pasture 50 Non Toxic 

0.24-0.40(0.36) Not Noted 

" 6 weeks 

Barley N/A INAA F i e l d Singh and 
Steinnes (1976) 

Hazelwood S i l t 
Loam pH 5.1 Vegetables/Oats 20 Yields not 

stated 
Roots/ 
Leaves/ 
Grain/ 
Tubers/ 
Pods/Vines 

Maturity HgCl2 Added Greenhouse John (1972) 
s o i l pots 



0100684 
a l . 1979, McCarthy et a l . 1970, Ratsch 1974, Shacklette 1970, 

Warren et a l . 1966). Ratsch (1974) reported up to 11 ppm mercury 

i n garden s o i l s near the Ruston copper smelter i n Tacoma, 

Washington. The hazard e v a l u a t i o n of excess t o t a l s o i l mercury 

i s discussed i n Section 3.2. 

2.2.2 Mercury l e v e l s i n vegetation 

An increase i n plant uptake of mercury with increased s o i l 

mercury l e v e l s has been demonstrated (Kabata-Pendias and Pendias 

1984), however, pla n t t r a n s l o c a t i o n of s o i l mercury i s low. Lead, 

chromium and mercury are so s t r o n g l y held i n root c e l l s that very 

l i t t l e i s t r a n s l o c a t e d to shoots of crop pla n t s (Chaney 1984). 

Hogg et a l . (1978) found f i n e roots of brome grass contained 43 

to 102 ppm mercury, a l e v e l 2 to 4 times higher than l e v e l s found 

i n primary or secondary r o o t s . S i m i l a r r e s u l t s have been 

reported for r i c e , i n which 1000 ppm was found i n the roots and 

0.5 ppm i n the g r a i n (Ishizuka and Tanaka 1962). D i r e c t uptake 

of atmospheric mercury by a l f a l f a plant leaves has been suggested 

by Lindberg et a l . 1979. Limited data suggest t h i s mechanism i s 

present i n other species (Hitchcock and Zimmerman 1957). 

Although mercury t r a n s l o c a t i o n w i t h i n p l a n t s i s low, i t i s 

s i g n i f i c a n t . John (1972) found elevated l e v e l s i n e d i b l e 

p o r t i o n s of many vegetables grown on mercury ammended s o i l . This 

author reported r a d i s h tubers and spinach leaves accumulate the 

highest l e v e l s at 0.695 and 0.663 ppm r e s p e c t i v e l y . Transloca­

t i o n of mercury to grains i s apparently l i m i t e d . Dudas and 

Pawluk (1977) found mercury l e v e l s i n wheat, barley and oat straw 

to be 2 to 5 times higher than i n the r e s p e c t i v e g r a i n s . Trans­

l o c a t i o n of methylmercury from seed dressings to the f i r s t gen­

e r a t i o n of wheat and peas has also been demonstrated (Kabata-

Pendias and Pendias 1984, L a g e r v a l l and Westoo 1969, Smart 1968). 

The mercury concentration i n some plan t m a t e r i a l s i s apparently 

enhanced by lower temperatures and a reduced photoperiod. Hogg 

et a l . (1978) found the mercury concentration of bromegrass i n ­

creased as the photoperiod and temperatures decreased during the 

autumn months. 
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The t o x i c i t y of mercury to pla n t s i s caused by the a f f i n i t y 

of mercury to s u l f h y d r y l groups and the r e s u l t i n g d i s r u p t i o n of 

metabolic processes (Kabata-Pendias and Pendias 1984). The high 

concentrations of mercury observed i n roots i n h i b i t s potassium 

uptake (Kabata-Pendias and Pendias 1984). The symptoms of 

mercury poisoning i n pla n t s are u s u a l l y manifested i n s t u n t i n g of 

seedling growth, decreased root mass, and i n h i b i t i o n of photo­

synthesis (Kabata-Pendias and Pendias 1984). 

Background mercury l e v e l s i n pla n t s have been r e l a t i v e l y 

w e l l defined (Table 7). The t y p i c a l range i s from trace amounts 

(0.001 ppm) to about 0.200 ppm mercury. The highest mercury 

background l e v e l that has been reported i n the l i t e r a t u r e 

reviewed i s 0.237 fo r radishes (John 1972). Nearly a l l e d i b l e 

vegetative products contain <0.100 ppm mercury. 

Considerable v a r i a t i o n i s apparent among d i f f e r e n t p l a n t 

species i n t h e i r uptake of mercury under elevated c o n d i t i o n s 

(Table 8). Small g r a i n c e r e a l crops e x h i b i t small but s i g n i f i ­

cant increases i n g r a i n mercury contents. John (1972) found the 

mercury content of oat g r a i n to increase from the 0.009 ppm 

background l e v e l to 0.020 ppm i n p l a n t s grown i n s o i l with 20 ppm 

mercury content. Radish tubers, grown under the same c o n d i t i o n s , 

increased from 0.013 to 0.663 ppm mercury, an increase of over 50 

times. The l i m i t e d amount of phytotoxic mercury plant concentra­

t i o n data derived from reviewed l i t e r a t u r e suggests a wide 

phytotoxic range occurs (from 0.2 ppm to 6.4 ppm), dependent on 

many f a c t o r s i n c l u d i n g the mercury compound, the experimental 

design and the plant s p e c i e s . These problems and hazard l e v e l 

s e l e c t i o n are discussed i n Section 3.2. 

2.3 Selenium Levels i n S o i l s and Pla n t s 

Selenium i s an element commonly found i n tr a c e q u a n t i t i e s 

throughout the ecosystem. Selenium i s not regarded as an essen­

t i a l element for most crop p l a n t s , but some i n d i c a t o r species 

have been shown to respond to selenium uptake (NRC 1976) . This 

element has an important r o l e i n animal n u t r i t i o n and d i s e a s e . 

Selenium i n l i v e s t o c k d i e t s i s required i n minute amounts to 
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Table 7. Background mercury levels in plants. 

wo o 

Medium Use 

Level 
(ppm DW) 

means in ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor 

V e g e t a t i o n Sweet Corn 0.003, 0.0046 Background P l a n t uptake Gra i n 

V e g e t a t i o n Bean 0.003, 0.011 a t i Pod 
V e g e t a t i o n Bean 0.017 WW, 0.07 WW " •i i t 

V e g e t a t i o n C a r r o t 0.086, 0.0057 " II Root 
V e g e t a t i o n L e t t u c e 0.0083 i t t i Leaves 
V e g e t a t i o n L e t t u c e <0.0006 WW •' no t i 

V e g e t a t i o n Cabbage 0.0065 •i i i t i 

V e g e t a t i o n Cabbage 0.010 WW II " t i 

V e g e t a t i o n Beet 0.003 WW II an Root 

V e g e t a t i o n Potatoes 0.047, <0.010 II II Tuber 
V e g e t a t i o n Potatoes 0.003 WW, 0.12 WW " 91 •I 
V e g e t a t i o n Onion <0.010 II Bulb 
V e g e t a t i o n Onion 0.007 WW 11 11 n 
V e g e t a t i o n Cucumber 0.001 WW, 0.011 WW 11 Unpeeled 

V e g e t a t i o n 
F r u i t 

V e g e t a t i o n Tomato 0.0031, 0.034 H II F r u i t 
V e g e t a t i o n Tomata 0.001 WW II II II 
V e g e t a t i o n Apple <0.010 11 11 H 

V e g e t a t i o n Apple 0.010 WW II 11 II 

V e g e t a t i o n Orange 0.0026 11 It II 

V e g e t a t i o n Lemon 0.043 WW " II II 

V e g e t a t i o n Mushrooms 0.0035 II It Caps, 

V e g e t a t i o n 
S t a l k s 

V e g e t a t i o n Green/Yellow 0.02 WW II II E d i b l e 

V e g e t a t i o n 
Vegetables P a r t s 

V e g e t a t i o n L e t t u c e 0.031 H II Leaves 
V e g e t a t i o n L e t t u c e 0.112 II II Roots 
V e g e t a t i o n Spinach 0. 094 tt II Leaves 
V e g e t a t i o n Spinach 0.095 II « Roots 
V e g e t a t i o n B r o c c o l i 0.06 3 II tt Leaves 
V e g e t a t i o n B r o c c o l i 0.171 II tt Roots 
V e g e t a t i o n C a u l i flower 0.079 II II Leaves 
V e g e t a t i o n C a u l i f l o w e r 0.019 It H Roots 
V e g e t a t i o n Peas 0.001 It It Seeds 
V e g e t a t i o n Peas 0.005 II II Pods 
V e g e t a t i o n Peas 0.110 H « Vines 
V e g e t a t i o n Peas 0.011 II II Roots 
V e g e t a t i o n Radishes 0.237 II II Tops 
V e g e t a t i o n Radishes 0.013 II II Tubers 
V e g e t a t i o n C a r r o t s 0.024 m t l Tops 

Study 

NR 

NR 
NR 
NR 
NR 
NR 
NR 
NR 

NR 

NR 
NR 
NR 
NR 
NR 

NR 
NR 
NR 
NR 
NR 
NR 
NR 

NR 

Method S e t t i n g Reference 

NR NR Kabata-Pendias and 
Pendias (1984) 

NR NR 11 

NR NR t l 

NR NR II 

NR NR H 

NR NR II 

NR NR 11 

NR NR K i t a g i s h i and 
Yamane (1981) 

NR NR Kabata-Pendias and 
Pendias (1984) 

NR NR n 
NR NR t i 

NR NR i i 

NR NR tt 

NR NR II 

NR NR » 
NR NR II 
NR NR II 
NR NR tt 

NR NR 11 

NR NR i t 

NR NR i i 

NR NR K i t a g i s h i and 
Yamane (1981) 

35 days 
n 

HNO3/HCIO4/ Greenhouse/ John (1972) 35 days 
n FLAAS S o i l pots 

11 

ti 

55 days II 
S o i l pots 

11 11 

55 days 11 11 i t 

60 days 11 11 11 

60 days 11 11 i t 

70 days t i 11 •1 O 
l-*w 

70 days no H •1 
O 
l-*w 95 days t l II " c> 
c? 95 days 

95 days 

11 

t l 

II 

II 

11 

11 

c> 
c? 

95 days t i It t i Q> 
45 days 11 11 11 CA 
45 days n 11 i t 

m 130 days 11 t l 11 m 



Table 7. Background mercury levels in plants, continued. 

Medium Use 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway 

Veg e t a t i o n 

Vegetation 

V e g e t a t i o n 
V e g e t a t i o n 
Vegetation 
Vegetation 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
Vegetation 
V e g e t a t i o n 

V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 

V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
Vegetation 

Vegetation 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 

C a r r o t s 

Beans 

Cabbage 
C a r r o t s 
Onions 

Potatoes 
Tomatoes 

Corn 
Corn 
Corn 
Corn 

Soybeans 
Soybeans 

Wheat/Barley 
Wheat 

Oats 
B a r l e y 
Wheat 

Oats 
B a r l e y 

B a r l e y (USA) 
Oats (USA) 
Wheat (USA) 
Wheat (USA) 

Wheat (Japan) 

Oats 
Oats 
Oats 
Oats 
Oats 

M i l l e t 

0.163 

<0.1 

Background P l a n t uptake 

1 
1 
2 
1 
1 
027 
0052 
0198 
002 
062 
0028 
008-0.012 
0053-0.0067 

0100 
0060-0.0080 
.0057-0.0063 

.0120 

.0063-0.0067 

.019 

.012 

.014 

.010-0.016 WW 

.02 WW 

(w e l l drained) 

( p o o r l y d r a i n e d 

0.009 
0.107 
0.176 
0.011 
0.151 
0.1 

o 

Study 
eceptor Duration. Method S e t t i n g Reference 

Roots 130 days HNO3/HCIO4/ Greenhouse/ John (1972) 
FLAAS S o i l pots 

Edible Matur i t y FLAAS F i e l d Elfving et a l 
portions II n 11 (1978) 

n M 11 II t l 

" M 11 11 II 

II II 11 11 II 

•1 << II It 

n II II II 11 

Leaves II 11 11 Chaney (1973) 
Grain II 11 II. II 

Leaves i i 11 II It 

Grain II 11 II 11 

Leaves II 11 II II 

Gra in " 11 II 11 

II NR NR NR Smart (1968) 

•• 
Maturity FLAAS F i e l d Dudas and 

II II 11 •1 Pawluk (1977) 
II II 11 11 II 
II •i 11 11 II 
" i i 11 11 II 

n II 11 11 || 
II •I •1 11 II 
it NR NR NR Kabata-Pendias and 
II NR NR NR Pendias (1984) 
II NR NR NR II 

NR NR NR N 

S o f t F l o u r NR NR NR Kitag i s h i and 
Yamane (1981) 

Grain 100 days HNO3/HCIO4/ Greenhouse/ John (1972) 
Husks II FLAAS S o i l Pots II 

Leaves II 11 ' 11 II 

Stalks 

•• 
11 11 II 

Roots II 11 11 It 

Above Matur i t y FLAAS F i e l d Elfving et a l 
ground 

Matur i t y 
(1978) 

biomass 



Table 8. Elevated mercury levels in plants. 

L e v e l 
(ppm DW) Hazard Exposure Study 

Medium Use means i n ( ) Response Pathway Receptor D u r a t i o n Method S e t t i n g Reference 

V e g e t a t i o n Leaf Lettuce 13.045 Not Noted S o i l S o l u t i o n Leaves 35 Days HNO3/HCIO4/FLAAS 
11 

Greenhouse/ John (1972) 
V e g e t a t i o n II 0.387 

•• II 
20 ugHg/g s o i l Roots 35 Days 

HNO3/HCIO4/FLAAS 
11 S o i l Pots 11 

V e g e t a t i o n Spinach 
n 

0.695 II II i i Leaves 55 Days 11 i t t i 

V e g e t a t i o n 
Spinach 

n 1.067 •i II II Roots 55 Days 11 it 11 

V e g e t a t i o n B r o c c o l i 0.029 II II it Leaves 60 Days 11 11 11 

V e g e t a t i o n H 1.870 II II II Roots 60 Days II 11 11 

V e g e t a t i o n C a u l i f l o w e r 0.061 II II t i Leaves 70 Days II 11 i t 

V e g e t a t i o n II 2.447 •I i t it Roots 70 Days II 11 11 

V e g e t a t i o n Peas 0.003 II n i t Seeds 95 Days II i t 11 

V e g e t a t i o n 

•• 
0 .042 II n • i Pods 95 Days II 11 II 

V e g e t a t i o n II 0.085 II II •t Vines 95 Days II 11 

V e g e t a t i o n H 1.415 II II i t Roots 95 Days II tt 11 

V e g e t a t i o n Radishes 0.585 i t i t II Tops 45 Days II •1 t i 

V e g e t a t i o n II 0 .663 tt i t II Tubers 45 Days II 11 11 

V e g e t a t i o n C a r r o t s 0.072 t i i t i i Tops 130 Days II n 11 

V e g e t a t i o n II 0.039 it n i i Tubers 130 Days II 11 i t 

V e g e t a t i o n II 1.058 n it H Roots 130 Days 11 i i 11 

V e g e t a t i o n Tomato 0.6 WW 9.9% YR MMH Nut/ Terminal 2 Days Mercury Analyzer Greenhouse/ Haney and 
V e g e t a t i o n •i 1.5 WW 27% YR S o l u t i o n F o l i a g e 2 Days 11 pot c u l t u r e L i p s e y (1973) 
V e g e t a t i o n II 2.3 WW 72.8% YR II II 2 Days 11 11 11 

V e g e t a t i o n II 3.4 WW 90.9% YR H II 2 Days 11 tt II 
V e g e t a t i o n 

• 
1.0 WW 8 8.9 YR n II 10 Days 11 11 i t 

V e g e t a t i o n it 0.7 WW 68.8% YR II m 10 Days i t 11 « 
V e g e t a t i o n II 0.8 WW 11.0 YR II II 10 Days 11 11 11 

V e g e t a t i o n II 0.2 WW 0.0% YR t i it 10 Days 11 t i i i 

V e g e t a t i o n Barley- 2-5 (3) 10% YR HgCl2 S o l u t i o n Leaves/ 5 Leaf/ XRFL Greenhouse/ Davis et a l . HgCl2 S o l u t i o n 
Shoots stage sand c u l t u r e (1978) 

V e g e t a t i o n Bermuda grass 2.9 Not Toxi c Arenosa f i n e Leaves 6 weeks HNO3/HCIO4/FLAAS 
II 

F i e l d / S o i l Weaver et a l . 
V e g e t a t i o n Bermuda grass 6.4 Toxic sand Leaves 6 weeks 

HNO3/HCIO4/FLAAS 
II pots (1984) 

V e g e t a t i o n Bermuda grass 0.2 S i g . wt. 
r e d u c t i o n 

Westwood s i l t 
loam 

Leaves 6 weeks II N 

V e g e t a t i o n A l f a l f a 2.3 Nontoxic Almaden s o i l Above/ 16 weeks HN0 3/HClo 4/K2Cr07 Greenhouse/ Li n d b e r g et 
V e g e t a t i o n A l f a l f a 1.4 Nontox i c C o n t r o l s o i l ground 

Biomass 
16 weeks AAS s o i l pots a l . (1979) 

V e g e t a t i o n A l f a l f a 9.8 U n c e r t a i n Almaden s o i l Roots 16 weeks It 11 II 

V e g e t a t i o n Oats 0.020 Not Noted S o i l s o l u t i o n / G r a i n 100 Days HNO3/HCIO4/FLASS 
11 

i t John (1972) 
V e g e t a t i o n Oats 0.266 II n 20 ugHg/g s o i l Husks 100 Days 

HNO3/HCIO4/FLASS 
11 11 II 

V e g e t a t i o n Oats 0.199 it i t II Leaves 100 Days t l n 11 

Vegetat ion Oats 0.026 it i i II S t a l k s 100 Days 11 II 

V e g e t a t i o n Oats 0.426 II it • i Roots 100 Days II 11 DI 

V e g e t a t i o n Rice 0.5 Tox i c P l a n t uptake Stem/ NR NR S o l u t i o n I s h i z u k a and Pl a n t uptake 
Leaf C u l t u r e Tanaka (1962) 

V e g e t a t i o n Rice 1000 Toxic i t i i Roots NR NR •1 t i 
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prevent d i s o r d e r s such as white muscle disease. While excessive 

l e v e l s of selenium i n forage are known to cause selenium poison­

ing or " a l k a l i disease". 

The f a c t o r s a f f e c t i n g selenium a v a i l a b i l i t y and uptake by 

p l a n t s include the form of selenium i n s o i l , s o i l type, s o i l pH, 

c l i m a t e , presence of other elements and pl a n t species (Whanger 

1974). The inorganic phases of selenium occur as elemental 

selenium, as metal s e l e n i d e , as a s u b s t i t u t e i n s u l f i d e s , as 

s e l e n i t e and as selenate. Organic selenium occurs in s o i l as a 

r e s u l t of p a r t i a l l y decayed s e l e n i f e r o u s vegetation. The most 

plant a v a i l a b l e forms are selenate and organic selenium (Gough, 

et a l . 1979). The s l i g h t l y mobile se l e n i d e s and selenium 

s u l f i d e s dominate i n a c i d i c , poorly drained s o i l s with high 

organic matter l e v e l s . S e l e n i t e s , which are moderately a v a i l a b l e 

to p l a n t s , e x i s t i n w e l l d r a i n e d , n e u t r a l pH s o i l s . A l k a l i n e , 

w e l l o x i d i z e d s o i l s may contain appreciable l e v e l s of the s o l u b l e 

and r e a d i l y a v a i l a b l e selenate form (Allaway 1968b, Lakin and 

Davidson 1967, P a a s i k a l l i o 1981). The presence of other elements 

i n the s o i l which are chemically s i m i l a r to selenium, p a r t i c u ­

l a r l y s u l f u r , w i l l r e s u l t i n the decrease i n selenium uptake by 

the plant (Whanger 1974) . Plant uptake of selenium i s a l s o 

dependent on the pl a n t species i n v o l v e d . Most a g r i c u l t u r a l 

species accumulate only a few ppm while i n d i c a t o r species such as 

those i n the genus Astragalus can accumulate up to 10,000 ppm 

(Rosenfeld and Beath 1964). 

The f o l l o w i n g s e c t i o n s present selenium data for s o i l s and 

plan t s reported i n the reviewed l i t e r a t u r e . 

2.3.1 T o t a l selenium l e v e l s i n s o i l s 

Selenium i s found throughout the l i t h o s p h e r e at concentra­

t i o n s seldom exceeding 0.05 ppm (Kabata-Pendias and Pendias 

1984). A world wide average f o r t o t a l selenium in surface s o i l s 

i s 0.40 ppm. A review of the l i t e r a t u r e suggests that the 

background l e v e l of t o t a l selenium i n s o i l s of the United States 

v a r i e s from 0.005 to 4.0 ppm. Tables 9 and 10 summarize the 
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Table 9. Background total selenium levels in soils. 

Level 

Med i urn Use 
(ppm DW) 

means in ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor Du r a t i o n Method 

Study 
S e t t i n g Reference 

S o i l , C olorado, 
Surface h o r i z o n C u l t i v a t e d and 0.1-1.4 (0.23) Background P l a n t uptake NR NR XRFL F i e l d Connor and 

U n c u l t i v a t e d (168 samples) S h a c k l e t t e (1975) 

S o i l , E a s t e r n 
U.S., B h o r i z o n n 0.1-1.4 (0.39) tt i i NR NR XRFL F i e l d It 

(1000 samples) 

S o i l , Western 
U.S., B h o r i zon tt 0.1-4.3 (0.25) tt II NR NR XRFL F i e l d I i 

(1000 samples) 

S o i l s , Western 
U.S . tt 0.1-2.0 tt H NR NR NR F i e l d Swaine (1955) 

S o i l s , 
Massachusetts Vegetables 2.4-5.1 (3.5) it it NR NR INAA/RNAA F i e l d L a ul et a l . (1977) 

S o i l s , Wash., 
Surface Vegetables 1.7 t i i t NR NR i t F i e l d » 

S o i l s , O n t a r i o , 
C l a y , pH 6.3 A g r i c u l t u r a l 0.209 H NR NR NR F i e l d Levesque (1974) 
Loam, pH 6.8 " 0.321 n • i NR NR NR i t M 

C l a y , PH 6.7 it 0.395 it it NR NR NR II N 

C l a y , pH 6.3 0.744 i t t i NR NR NR tt t l 

C l a y , pH 4.5 " 0.530 i t " NR NR NR II 1 

C l a y , pH 5.2 " 0.460 n II NR NR NR i t « 
Loam, pH 7.0 0.450 •i II NR NR NR i t » 
Loam, pH 7.2 " 0.425 it II NR NR NR II M 

Loam, pH 7.1 " 0.652 NR NR NR » 

• 
Loam, pH 6.0 " 0.197 t i t i NR NR NR II « 

S o i l s , U.S. NR 0.005-4.0 " NR NR NR F i e l d Kabata-Pendias and 
Pendias (1984) 

S o i l s , World-wide NR 0.005-4.0 (0.40) H i t NR NR NR n it 

S o i l s , Helena 
V a l l e y , pH 8.0 NR 0.07 II II NR NR A c i d d i g e s t i o n , " EPA (1986) 

AAS analysis 

O 

CD 
O 



Tab le 9. Background t o t a l selenium l e v e l s in s o i l s , con t i nued . 

O 
o 
an 
co 

Med i um Use 

Leve l 
(ppm DW) Hazard Exposure 

means i n ( ) Response Pathway Receptor D u r a t i o n Method 
Study 

S e t t i n g Refe rence 

S o i l , Sandy 
O n t . , Canada A g r i c u l t u r a l ,10-1 .32 (0 .27)Background NR NR H2SO4/HNO3 F i e l d Frank et a l . (1979) 

D i g e s t i o n AAS 

S o i l , Loam 
Ont., Canada A g r i c u l t u r a l ,13-1.67 (0.38)Background P l a n t uptake NR NR H2SO4/HNO3 F i e l d Frank et a l . (1979) 

D i g e s t i o n AAS 

S o i l , C l a y 
Ont., Canada 0.16-1.43 (0.48) NR NR 

S o i l , Organic 
Ont., Canada .10-0 .75 (0.34) NR NR 

\J1 

S o i l , Muck 
Canada, 
S u r f a c e 
0 - 7 . 5 cm 
7 .5 -15 cm 
15-22 .5 cm 
22 .5 -30 cm 
30-37 .5 cm 
37 .5 -45 cm 

Garden 1.3 
1.22 
0.81 
0.62 
1.05 
0.91 
0.53 

Vegetables NR 
NR 
NR 
NR 
NR 
NR 
NR 

IPAA 
IPAA 
IPAA 
IPAA 
IPAA 
IPAA 
IPAA 

F i e l d Chattopadhyay and 
J e r v i s (1974) 

S o i l , M i s s o u r i , 
0-15 cm C u l t i v a t i o n 0.2-1.5 (0.45) 

0.1-1.4 (0.51) 
0.1-1.5 (0.44) 

Corn M a t u r i t y 
Soybeans M a t u r i t y 
Pasture M a t u r i t y 

XRFL F i e l d Connor and 
S h a c k l e t t e (1975) 

S o i l , M i s s o u r i , 
S u r f a c e h o r i z o n ,1-2.7 (0.28) NR NR F i e l d 

(300 samples) 

S o i l , M i s s o u r i 
B h o r i z o n N a t i v e 

S o i l s , Canada 
0-15 cm, pH 5.9 A l f a l f a 

65-87 cm, pH 7.1 " 
0-15 cm,pH 7.2 
81-103 cm, pH 7.5 

S o i l s , Canada NR 

0.1-3.4 

0.31 

0.22 
0.24 
0.29 

3.43) NR NR 

Background P l a n t uptake P l a n t tops Bud stage F l o u r o -
m e t r i c a l l y 

F i e l d 

F i e l d Van Ryswyk et a l , 
(1976) 

0.03-2 (0.26) Background P l a n t uptake NR NR F l o u r o - F i e l d McKeague and 
m e t r i c a l l y (173 samples) Wolynetz (1980) 



Table 9- Background total selenium levels in so i l s , continued. 

Level 

Medium Use 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor Du r a t i o n Method 

Study 
S e t t i n g Reference 

S o i l , B e r r i e r Co. MI 
pH (6.6) Orchard <0. 1-0.61 (0.095) Background P l a n t Uptake Apples M a t u r i t y XRFL F i e l d S h a c k l e t t e (1980) 

S o i l , Wayne Co. NY 
Pl a n t Uptake Apples M a t u r i t y 

PH (5.5) 11 <0. 1 n M Apples II II II 
S o i l , G l o u c e s t e r Co. 

Apples 

NJ pH (5.5) H <0. 1 H i i Apples II t i II 
S o i l , Yakima Co. WA 

Apples 

pH (6.6) t l <0. 1-0.34 (0.11) M II Apples II II i t 

S o i l , Mesa Co., CO 
Apples 

PH (7.8) II <0. 1-0.4 (0.13) II II Apples II II 
S o i l , Twin F a l l s Co. 

Apples 

ID pH (8.2) Vegetables <0. 1-(0.21) i i II Potatoes •i II 

->— 
'<=> 

CO 



Table 10. Elevated tota l selenium levels in s o i l s , 

o . c 
o * 
CD 2 
CO 
CO 

Medium Use 

Leve l 
(ppm DW) 

means in ( ) 
Hazard 

Response 
Exposure 
Pathway Recep tor D u r a t i o n Method 

Study 
S e t t i n g Reference 

wo 

S o i l , Surface 

S o i l s 

S o i l s 

S o i l s , C l a y 
loam 

NR 

Buckwheat 

Buckwheat 

Wheat 

10 

5 

10 

10 

76.6 

10.5-39.6 

30 

' P h y t o t o x i c a l l y NR 
e x c e s s i v e " 

"Growth 
r e t a r d e d " 

8-32 ppm Se 
added to s o i l 

"Rapid y e l l o w - P l a n t uptake 
ing and death" 

NR 

" P l a n t s d i e d " 64 ppm Se NR 
added to s o i l 

NR NR NR EL-Bassan and 

T i e t j e n (1977) 

Linzon (1978) 

" " " Kabata-Pendias 
(1979) 

" Kloke (1979) 

M a t u r i t y C o l o r i m e t r i c a l l y F i e l d p l o t M a r t i n (1936) 

NR NR Greenhouse Hurd-Karrer 
(1934) 
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l i t e r a t u r e p e r t a i n i n g to background and elevated l e v e l s of 

selenium in s o i l s . 

Few a r t i c l e s have reported phytotoxic l e v e l s of selenium i n 

s o i l s . Much of the concern a s s o c i a t e d with excess selenium stems 

from the t o x i c i t y of s e l e n i f e r o u s p l a n t s to grazing animals. 

S e l e n i f e r o u s s o i l s (>5.0 ppm t o t a l selenium) often support 

vegetation that i s t o x i c to animals, however, these s o i l s are 

g e n e r a l l y not t o x i c to the p l a n t s growing n a t u r a l l y on them (NRC 

1976). Kabata-Pendias and Pendias (1984) reviewed l i t e r a t u r e 

(not a v a i l a b l e to the present authors) that reported t o t a l s o i l 

selenium concentrations of 5 to 10 ppm as being p h y t o t o x i c a l l y 

e x c e s s i v e . Hurd-Karrer (1934) reported the death of wheat 

seedlings when s o i l selenium concentrations reached 30 ppm i n 

greenhouse s t u d i e s . The growth of buckwheat plan t s has been 

retarded at s o i l selenium l e v e l s of 10.5 to 39.6 ppm (Martin 

1936) . Death of these buckwheat p l a n t s occurred at a t o t a l s o i l 

selenium concentration of 76.6 ppm. 

2.3.2 Selenium l e v e l s i n p l a n t s 

Rosenfeld and Beath (1964) proposed the c l a s s i f i c a t i o n of 

p l a n t s based on t h e i r a b i l i t y to accumulate selenium and t h e i r 

p o t e n t i a l t o x i c i t y to l i v e s t o c k . Group 1 p l a n t s were termed 

primary i n d i c a t o r or accumulator species which could absorb from 

100 to 10,000 ppm. Most notable of t h i s group were the A s t r a -

galus species. Group 2 p l a n t s were secondary selenium accumu­

l a t o r s that r a r e l y contained more than a few hundred ppm s e l e ­

nium. Most c u l t i v a t e d crops, grains and n a t i v e grasses were 

c l a s s i f i e d as Group 3 p l a n t s . These species r a r e l y accumulated 

more than 30 ppm t o t a l selenium. Tables 11 and 12 summarize 

background and elevated l e v e l s of selenium i n plants reported i n 

reviewed l i t e r a t u r e . 

Vegetation c o n t a i n i n g greater than 2.0 ppm t o t a l selenium 

can be t o x i c to animals consuming i t (NRC 1980). However, the 

same vegetation could contain selenium l e v e l s i n great excess of 

t h i s before experiencing p h y t o t o x i c symptoms. 
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An appreciable amount of l i t e r a t u r e e x i s t s on selenium 

l e v e l s i n a g r i c u l t u r a l and range p l a n t s (non-accumulator species) 

and i n d i c a t e s that background concentrations u s u a l l y range from 0 

to 84 ppm (Table 11). While selenium i s probably not e s s e n t i a l 

for v e g e t a t i v e growth, the s o l u b l e forms of selenium are r e a d i l y 

absorbed by p l a n t roots (Kabata-Pendias and Pendias 1984). 

Because of the various s o l u b i l i t i e s and chemical forms of 

selenium, i t i s d i f f i c u l t to c o r r e l a t e the amount of t o t a l 

selenium i n s o i l s with the t i s s u e c o n c e n t r a t i o n of p l a n t s . 

L i t t l e documentation has been found concerning the determi­

nation of phytotoxic selenium l e v e l s i n p l a n t t i s s u e . Martin 

(1936) reported growth reduction i n buckwheat p l a n t s c o n t a i n i n g 

35 to 124 ppm and death of p l a n t s c o n t a i n i n g 127 ppm selenium. A 

reduction i n growth occurred i n tomatoes with 191 ppm selenium 

(Yopp et a l . 1974). Soltanpour and Workman (1980) concluded that 

360 ppm selenium i n the tops of a l f a l f a was re s p o n s i b l e f o r very 

low y i e l d s while 1000 ppm was h i g h l y t o x i c . Selenium hazard 

l e v e l s f o r s o i l s and pl a n t s are discussed i n Section 3.3. 

2.4 S i l v e r Levels i n S o i l s and Plan t s 

N a t u r a l l y o c c u r r i n g s i l v e r i s found i n minute q u a n t i t i e s 

throughout the oceans, l i t h o s p h e r e , s o i l s , p l a n t s and animals. 

S i l v e r i s s i m i l a r to copper i n i t s geochemical c h a r a c t e r i s t i c s 

and e x i s t s as simple c a t i o n s (Ag +, Ag2+, AgO+) and complexed 

anions [AgO -, Ag(S203)23~» Ag(S04)2 3 -] (Kabata-Pendias and 

Pendias 1984) . S i l v e r i s absorbed and complexed by organic 

matter and i s apparently immobile at pH >4 (Kabata-Pendias and 

Pendias 1984). The a v a i l a b i l i t y of s i l v e r to pl a n t s i s low due 

to the very low s o l u b i l i t y of most of i t s compounds. S i l v e r has 

not been proven to be e s s e n t i a l for plan t l i f e (Vanselow 1965). 

The s o l u b l e f r a c t i o n i s extremely t o x i c , p a r t i c u l a r l y to microor­

ganisms and f i s h (Cooper and J o l l y 1970). S i l v e r , however, i s 

r e l a t i v e l y harmless to higher animals, i n c l u d i n g man. S i l v e r 

data for s o i l s and p l a n t s are presented i n the f o l l o w i n g sec­

t i o n s . 
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Table 11. Background selenium l e v e l s in p l a n t s . 

Med i um Use 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

V e g e t a t i o n , 
Missour i Corn 0.01-0.5 (0.06) Background P l a n t uptake G r a i n M a t u r i t y 2-3 Diamino-

naphthalene 
F i e l d Connor and 

S h a c k l e t t e (1975) 
i t Soybean 0.04-1.25 (0.11) n tt Seeds Matur i t y M t l t l 

i t Buckbrush 0.02-0.08 (0.03) II i t NR NR II N M 

t i 
Cedar 0.01-0.04 (0.02) it t i NR NR N It It 

i t 
Shagbark 
Hickory 0.02-0.04 (0.02) tt •t NR NR « H . 

11 Post Oak 0.01-0.04 (0.02) II n NR NR It n II 

II White Oak 0.01-0.04 (0.019) NR NR 

• 
It N 

n Willow Oak 0.01-0.3 (0.032) it It NR NR m tt II 

II S h o r t l e a f Pine 0.02-0.2 (0.062) t i It NR NR M It It 

on 
Smooth Sumac 0.01-0.25 (0.02) n tt NR NR M It H 

11 Sweetgum 0.01-0.4 (0.065) II II NR NR It It I* 

V e g e t a t i o n Sagebrush 0.08-4.8 (0.42) tt 

•• 
NR NR ft It tt 

V e g e t a t i o n , 
Washington Cheatgrass <0.03 Background P l a n t uptake I n t e r i o r 

p o r t i o n s 
NR INAA and RNAA F i e l d L a u l et a l . 

(1977) 

V e g e t a t i o n , 
Worldwide Grasses .001-.21 t i i t NR NR NR NR Kabata-Pendias 

and Pendias (1984) 
i t 

C l o v e r s or 
a l f a l f a 

.005-.88 i t tt NR NR NR NR 

n Hay or fodder .002-.87 II i t NR NR NR NR « 

V e g e t a t i o n , U .S. Grasses .01-.04 i t n NR NR NR NR 
n C l o v e r or 

a l f a l f a .03-.88 Background P l a n t uptake NR NR NR NR Kabata-Pendias 
and Pendias (1984) 

o 
CD 
CO 
CD 
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Table 11. Background selenium l e v e l s in p l a n t s , con t i nued . ^ 

Medium Use 

Level 
(ppm DW) 

means i n ( 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

V e g e t a t i o n , 
U.S. Hay or fodder .03-.36 

V e g e t a t i o n , 
Northwest U.S Rangelands 0.01-0.78 

Forage and 0.0-1.24 
Hay crops 

V e g e t a t i o n , 
Western U.S. 

V e g e t a t i o n , 
South Dakota 

Wheat 

Wheat 

0.01-25.0 

0.01-30.0 

N a t i v e grass 0.0-84.0 

V e g e t a t i o n , South 
C e n t r a l B r i t i s h 6 N a t i v e Species 
Columbia 

<1.0 

Vege t a t i o n L e t t u c e 

Peanuts 
Potatoes 
Soybeans 

Sweet Corn 
Wheat 

0.002 WW 

0.057 WW 
0.003 WW 
0.19 WW 
0.006 WW 
0.37 WW 

Background P l a n t uptake 

NR NR 

P l a n t tops NR 

" NR 

NR 

G r a i n 

NR 

Grazing 
stock 

NR 

NR 
NR 
NR 
NR 
NR 

NR 

NR 

NR 

NR 

NR 

NR 
NR 
NR 
NR 
NR 

NR NR 

F l o u r o m e t r i c a l l y F i e l d C a r t e r et a l . 
(94 samples) (1970) 

" F i e l d " 
(361 samples) 

NR 

NR 

NR 

AAS 

A c i d d i g e s t i o n 

FLAAS a n a l y s i s 

F i e l d Rosenfeld and 
(710 samples) Beath (1964) 

F i e l d " 
(176 samples) 

F i e l d 
(294 samples) 

F i e l d F l e t c h e r and 
(294 samples) B r i n k (1969) 

NR 

NR 
NR 
NR 
NR 
NR 

Wolnik et a l , 
(1983) 

Vegetat i o n , 
Canada 

V e g e t a t i o n , 
Massachusetts 

Timothy 
Red c l o v e r 

Oats 
B a r l e y 

Corn 
Potatoes 

Peas 
Squash 

0.005-0.023 
0.004-0.031 
0.004-0.043 
0.006-0.040 

<0.03 
<0.03 
<0.03 
<0.03 

Background P l a n t uptake 

NR 
NR 

Ker n a l 
K e r n a l 

I n t e r i o r 
p o r t i o n s 

NR 
NR 
NR 
NR 

NR 
NR 
NR 
NR 

NR 
NR 
NR 
NR 

INAA and RNAA 

F i e l d 
F i e l d 
F i e l d 
F i e l d 

F i e l d 

Gupta and 
Winter (1975) 

L a u l et a l , 
(1977) 



Table 12. Elevated selenium levels in plants. 

Medium Use 

Level 
(ppm DW) 

means i n ( 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

V e g e t a t i o n , 
I l l i n o i s 

V e g e t a t i o n , 
I l l i n o i s 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

C e n t r a l Oregon 

Wheat 

Tomato 

Buckwheat 

Buckwheat 

NR 

A l f a l f a 

A l f a l f a 

A l f a l f a 

380 

191 

127 

"No i n j u r y to 
p l a n t " 

"Growth reduc­
t i o n " 

NR 

NR 

NR NR 

NR 

NR 

NR 

NR 

"Pl a n t s d i e d " 64 ppm Se added NR 
to s o i l 

M a t u r i t y C o l o r i m e t r i c a l l y 

35-124 

5-30 

360 

1000 

0.13-0.34 

"Growth 
r e t a r d e d " 

" E x c e s s i v e or 
t o x i c " 

"Produced very 
low y i e l d s " 

" H i g h l y t o x i c " 

8-32 ppm Se 
added to s o i l 

NR 

NR 

Leaf 
t i s s u e 

NR 

NR 

NR 

Yopp e t a l . 
(1974) 

M a r t i n (1936) 

Kabata-Pendias and 
Pendias (1984) 

NR 

NR 

P l a n t top NR 

NR 

Hot water e x t r a c t Greenhouse Soltanpour and 
ICP a n a l y s i s Workman (1980) 

No e f f e c t Na 2Se03 added P l a n t top 1 year A l l a y a y and Carey 
to s o i l (1964) 

F i e l d Allaway et 
a l . (1966) 

o-
ov 
CD 
CO 
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2.4.1 T o t a l s i l v e r l e v e l s i n s o i l s 

S i l v e r i s an element found u n i v e r s a l l y i n s o i l s (Vanselow 

1965). L i t e r a t u r e reviewed by Smith and Carson (1977b) shows 

that background l e v e l s of s i l v e r i n s o i l s range from 0.1 to 5.0 

ppm. Reported background s i l v e r l e v e l s i n the United States 

i n d i c a t e t o t a l s i l v e r concentrations i n s o i l s seldom exceed 0.5 

ppm (Connor and Shacklette 1975). No l i t e r a t u r e has been found 

on e x t r a c t a b l e l e v e l s of s i l v e r i n undisturbed s o i l s . Tables 13 

and 14 summarize the background and elevated s i l v e r l e v e l s in 

s o i l s found i n the reviewed l i t e r a t u r e . 

Few s t u d i e s have determined ph y t o t o x i c l e v e l s of s i l v e r i n 

s o i l s . Concern regarding s i l v e r p o l l u t i o n of s o i l s has emerged 

r e c e n t l y due to increased use of s i l v e r i o d i d e as a n u c l e a t i n g 

agent for promoting p r e c i p i t a t i o n (cloud seeding). Research has 

shown that t y p i c a l a e r i a l f a l l o u t l e v e l s of s i l v e r from cloud 

seeding (10~ 7 to 3 x 10~ 7 ppm) poses no immediate t h r e a t to the 

s o i l resource (Cooper and J o l l y 1970) . A e r i a l d e p o s i t i o n of 

s i l v e r near a s i l v e r mine and treatment pl a n t in New Zealand 

r e s u l t e d i n average s o i l s i l v e r concentrations (1.7 ppm) being 

s i g n i f i c a n t l y greater than background (0.2 ppm) concentrations 

(Ward et a l . 1977). These elevated s i l v e r l e v e l s decreased with 

d i s t a n c e from the treatment p l a n t . The only s o i l p h y t o t o x i c 

c r i t e r i a found i n the reviewed l i t e r a t u r e was that of Linzon 

(1978) who reported 2 ppm t o t a l s o i l s i l v e r was p h y t o t o x i c a l l y 

excess i v e . 

2.4.2 S i l v e r l e v e l s i n p l a n t s 

A study of 35 plant s p e c i e s , representing the major 

vascular p l a n t groups, revealed background pl a n t t i s s u e s i l v e r 

concentrations ranged from 0.01 to 16.0 ppm (Horovitz et a l . 

1974) . These authors noted higher s i l v e r content i n some fungi 

and bryophytes and lower values in angiosperms and gymnosperms. 

A large amount of l i t e r a t u r e published on s i l v e r concentrations 

i n p l a n t s i n d i c a t e that background concentrations u s u a l l y range 

from 0 to 1.0 ppm (Table 15). Shac k l e t t e (1980) reported l e s s 

than 1 ppm (ash weight basis) for most f r u i t s and vegetables 



Table 13. Background total silver levels in soils. 

Medium 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

S o i l , M i s s o u r i 
(0-15 cm) C u l t i v a t e d <0.5-3 (<0.5) Background P l a n t uptake NR NR 6-step ES F i e l d Connor and 

(1400 samples) S h a c k l e t t e (1975) 

S o i l , M i s s o u r i 
B-horizon Oak-Hickory 

F o r e s t 
<0.5-3 (<0.5) 

S o i l , Colorado 
(0-15 cm) C u l t i v a t e d and <0.5-1.5 (<0.5) 

U n c u l t i v a t e d 

S o i l , Western 
U.S. (20 cm) N a t i v e 

V e g e t a t i o n 

S o i l s , O n t a r i o 
Canada (0-15 cm) Croplands 

S o i l s , Worldwide C u l t i v a t e d and 
N a t i v e 

S o i l s , Helena 
V a l l e y pH 8.0 

<0.5-5 (<0.5) 

0.04-1.81 (0.44) 

<0.01-5.0 

1.25 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

F i e l d 

(300 samples) 

F i e l d 

(168 samples) 
F i e l d " 
(1000 samples) 

HN0 3 D i g e s t i o n F i e l d Frank et a l . 
AAS a n a l y s i s (228 samples) (1979) 

NR S p e c t r o g r a p h i c a l l y F i e l d 

NR A c i d d i g e s t i o n . F i e l d 
AAS a n a l y s i s 

Swaine (1955) 

EPA (1986) 

S o i l s , S u r f a c e 
Muck, Canada 
0-7.5 cm 
7.5-15 cm 
15-22.5 cm 

Garden 

NR S o i l s , S c o t l a n d 

S o i l s , M i s s o u r i A g r i c u l t u r a l 

S o i l s , C a l i f o r n i a NR 

S o i l s , s u r f a c e 
New Zealand 

Aberdeenshire UK 

Tubingen Univ 
Germany 

N a t i v e 

NR 

B o t a n i c a l 
Garden 

0.89 
0 .68 
0.52 
0.40 

<2.0 

0.7 

0.2-0.7 

0.21 

0.29-0.50 

0.08-0.09 

Vegetables 
i t 

11 

11 

NR 

NR 

NR 

NR 

NR 

NR 
NR 
NR 
NR 

NR 

NR 

NR 

NR 

NR 

IPAA 

J u n i p e r u s 
Communis-

Ephedragerardiana NR 

NR 

NR 

NR 

F i e l d 
11 

11 

11 

F i e l d 

F i e l d 

F i e l d 

A c id d i s g e s t i o n , F i e l d 
AAS a n a l y s i s 

SSMS F i e l d 

RNAA F i e l d 

Chattopadhyay 
and J e r v i s (1974) 

Vanselow (1965) 

Ward et a l . 
(1977) 

Ure and Bacon 
(1978) 

H o r o v i t z et a l . 
(1974) 

est-
C5 

o 



(•)£. 
O ; 

o 

Table T*». Elevated total silver 1 evels in soils • 

Medium Use 

Level 
(ppm DW) 

means in ( 
Hazard 

) Response 
Exposure 
Pathway Receptor Duration Method 

Study 
Setting Reference 

S o i l s , surface NR 2.0 "Phytotoxically 
excessive" 

Plant uptake NR NR NR NR Linzon (1978) 

S o i l s , surface 
New Zealand Native 0.75-3.3(1.7) "Signi f i c a n t l y 

higher than 
background" 

Ae r i a l NR 
f a l l o u t 

NR Acid digestion, 
AAS analysis 

F i e l d Ward et a l . 
(1977) 



Table 15. Background silver levels in plants. 

Medium Use 

Le v e l 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

V e g e t a t i o n V a s c u l a r p l a n t s 5.0 

V e g e t a t i o n Gymnosperms 0.07 

V e g e t a t i o n 
B r i t i s h Columbia Gymnosperms 0-1.4 

V e g e t a t i o n , U.S. Angiosperms 0.06 

V e g e t a t i o n 
B r i t i s h Columbia Angiosperms 0-.28 

V e g e t a t i o n 

V e g e t a t i o n , 
Georgia 

V e g e t a t i o n 

Grains and 0.9 
c e r e a l s 

G e n e r a l i z e d 0.5 

Snap Bean <0.5 

<0.5 

<0.5 

0.1-0.5 

Cabbage 

Tomato 

A l f a l f a 

Bur c l o v e r 0.2-0.5 

Ladino c l o v e r 0.4-0.6 

Grasses 0.1-0.4 

Wheat 0.4 

V e g e t a t i o n Powder 
Ridge B a s i n B i g Sagebrush <1.( 

Background Uptake from P l a n t 
s o i l 

Background 
Geometric mean 

NR 

NR 

NR 

NR 

NR F i r e assay 

P l a n t tops NR ES 

P l a n t NR F i r e assay 

NR NR 

Leaf t i s s u e M a t u r i t y NR 

E d i b l e M a t u r i t y P l a n t ash, 
p o r t i o n s 

" M a t u r i t y 

" M a t u r i t y 

Tops NR 

" NR 

NR 

" NR 

Whole g r a i n M a t u r i t y 

P l a n t NR 

6-step ES 

NR 

NR 

NR 

NR 

NR 

P l a n t ash, ES 

NR S h a c k l e t t e 
(1965) 

NR Bowen (1966) 

F i e l d Warren and 
D e l a v a u l t (1950) 

" Cannon e t a l . (1968) 

" Warren and 
De l a v a u l t (1959) 

NR Browning (1961) 

NR Kabata-Pendias and 
Pendias (1984) 

F i e l d Connor and 
Shacklette(1975) 

F i e l d Vanselow (1965) 

Connor et a1.'tfv 
(1976) 

.«%! 
O 



Table 15. Background silver levels in plants, continued. 

Med i um Use 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

V e g e t a t i o n , 
New Zealand Tawa (tree) 0.22 

0.24 

P e r e n n i a l 
r y e g r a s s 

0.20 

0.06 

* 0.08 

White c l o v e r 0.08 

0.10 

Annual b l u e g r a s s 0.06 

" 0.07 

Coc k s f o o t 0.10 

" 0.10 

Y o r k s h i r e fog 0.06 

0.08 

Flatweeds 0.12 

0.14 

B i r d s f o o t 
t r e e f o i 1 

0.08 

Background Uptake from 
s o i l 

Washed 
leaves 

Unwashed 
le a v e s 

Washed 
twig s 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

Roots 

Leaves 

Roots 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

Ashed, AAS F i e l d Ward et a l , 
(1977) 

0.08 Leaves NR 



Table 15. Background silver levels in plants, continued. 

CO 

Level 
Study (ppm DW) Hazard Exposure Study 

Reference Med i um Use means i n ( ) Response Pathway Receptor D u r a t i o n Method S e t t i n q Reference 

Commercial Farms Vineyard <0.045 Background P l a n t Uptake American Grapes 
S h a c k l e t t e USA 

Farms Vineyard Background P l a n t Uptake 
- F r u i t NR ES F i e l d S h a c k l e t t e 

(1980) (1980) 
II Orchard <0.016-0.032 II II A p p l e s - F r u i t NR ES F i e l d 
II V i neyard <0.027 " i t European Grapes 

F i e l d 
V ineyard 

- F r u i t NR ES F i e l d 
II Orchard <0.067-0.134 II i i P e a c h e s - F r u i t NR ES F i e l d w 

II II <0.021 tt i t P e a r s - F r u i t NR ES F i e l d tt 

II II <0.048-0.144 II tt P l u m s - F r u i t NR ES F i e l d It 

it Vegetables <0.093 H II Cabbage-Heads NR ES F i e l d ™ 
i i i t <0.071 II i i C a r r o t s - R o o t s NR ES F i e l d 
II M <0.100 n it Cucumbers-Fru i t NR ES F i e l d 
II • 1 <0.039-0.117 i i H Dry Beans NR ES F i e l d tt 

II M <0.140-0.28 it •1 Lettuce-Heads NR ES F i e l d 
i t tt <0.042-0.042 II i t Potatoes-Tubers NR ES F i e l d It 

i i 19 <0.070 II II Snap Beans-Pops NR ES F i e l d 
II .1 <0.026 H II Sweet Corn-Grains NR ES F i e l d 
tt II <0.120 II H Tomatoes-Fruit NR ES F i e l d 

11 
•i II <0.100 i t i i Asparagus-Shoots NR ES F i e l d 

11 

t i II <0.098 H i i C a n t a l o u p e s - F r u i t NR ES F i e l d " 
II It <0.200 11 II Chinese Cabbage 

F i e l d ft 
- Leaves NR ES F i e l d ft 

II II <0.074 II i i E g g p l a n t - F r u i t NR ES F i e l d t l 

II II <0.220 II i i Endive-Leaves NR ES F i e l d 
II " <0.042 •1 H Onions-Bulbs NR ES F i e l d n 

i i II <0.190 It H P a r s l e y - L e a v e s NR ES F i e l d M 

II II <0.084 II II F r e s h Peppers 
- F r u i t NR ES F i e l d It 

O 

o 
•Cat. 
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tested (25 s p e c i e s ) . The maximum s i l v e r c o n c e n t r a t i o n was found 

in f r e s h l e t t u c e (0.28 ppm DW). The amount of s i l v e r taken up by 

plants i s r e l a t e d to the amount of the metal i n the s o i l (Kabata-

Pendias and Pendias 1984). Therefore, elevated l e v e l s of s i l v e r 

could accumulate i n p l a n t s growing i n s o i l s enriched with s i l v e r 

due to a e r i a l d e p o s i t i o n from smelting. Tables 15 and 16 present 

background and elevated data for s i l v e r l e v e l s in p l a n t s . 

L i t t l e research has been conducted on the determination of 

excessive l e v e l s of s i l v e r i n plant t i s s u e . Ward et a l . (1977) 

reported that a mean of 1.2 ppm i n roots and 1.8 ppm i n leaves of 

pasture species were s i g n i f i c a n t l y higher than background l e v e l s . 

A 10% y i e l d reduction occurred i n spr i n g b a r l e y with 4 ppm s i l v e r 

i n p l a n t tops (Davis et a l . 1978). Bush bean y i e l d s were reduced 

with 1760 ppm s i l v e r in r o o t s , 5.1 ppm i n stems and 5.8 ppm i n 

plant tops (Wallace et a l . 1977b). S i l v e r hazard l e v e l s for 

pla n t s and s o i l s are discussed i n Section 3.4. 

2.5 Thallium Levels i n S o i l s and Pl a n t s 

Thallium i s a rare element that i s found i n tra c e q u a n t i ­

t i e s i n most s o i l s and g e o l o g i c a l m a t e r i a l s . Thallium e x i s t s i n 

both mono(Tl + 1) and t r i v a l e n t ( T l + 3 ) s t a t e s and compounds of both 

forms are h i g h l y t o x i c (Logan et a l . 1983). Monovalent t h a l l i u m 

forms " s p a r i n g l y " s o l u b l e compounds s i m i l a r to the heavy metals 

copper, s i l v e r , g o l d , mercury and lead. The anion of these 

compounds include s u l f i d e s , i o d i d e s , c h l o r i d e s and chromates 

(Smith and Carson 1977a). T r i v a l e n t t h a l l i u m i s u s u a l l y found 

only i n very a c i d environments (Smith and Carson 1977a). Thallium 

i s geochemically s i m i l a r to the a l k a l i metals (potassium, 

rubidium and cesium) and i s found as an isomorphic s u b s t i t u t i o n 

in potassium f e l d s p a r s ( o r t h o c l a s e , m i c r o c l i n e , s a n i d i n e ) , micas 

and potassium f e l d s p a t h o i d s ( l e u c i t e ) (Wedephol 1978) . The 

element i s a l s o found i n many m e t a l i c s u l f i d e ores i n c l u d i n g 

s p h a l e r i t e , p y r i t e and galena (Smith and Carson 1977a). Thallium 

i s u s u a l l y disseminated i n low temperature hydrothermal deposits 

of antimony, mercury, lead and z i n c and ores high i n a r s e n i c 

content have been found to be enriched i n t h a l l i u m ( V e l i k i i et 



Table 16. Elevated silver levels in plants. 

Medium Use 

Level 
(ppm DW) 

means i n ( ) 
Hazard 

Response 
Exposure 
Pathway Receptor D u r a t i o n Method 

Study 
S e t t i n g Reference 

o 

Vege t a t i o n 

Vegetation 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 

Vegetat ion 

V e g e t a t i o n 

V e g e t a t i o n 

V e g e t a t i o n 
New Zealand 

V e g e t a t i o n 
New Zealand 

Ve g e t a t i o n 

Bush Bean 

Sp r i n g B a r l e y 

P a s t u r e s p e c i e s 

NR 

1.0 

0.3 

0.2 

83 

0.8 

1.0 

1760 

5.1 

5.8 

4.0 

1.2 

1.8 

5-10 

"No t o x i c i t y " N u t r i e n t S o l u - Roots 
t i o n 0 ppm Ag 

" " Stems 

' " Leaves 

" N u t r i e n t S o l u - Roots 
t i o n 0.108 ppm 
Ag 

• " Stems 

" " Leaves 

" Y i e l d s g r e a t l y Nutient S o l u - Roots 
decreased" t i o n 1.08 ppm 

Ag 

13 Days Emission 
Spectrography 

Greenhouse 

"10% y i e l d 
r e d u c t i o n " 

Stems 

Leaves 

Sand C u l t u r e P l a n t tops 27 Days T r i - a c i d d i g e s t i o n 
N u t r i e n t S o l u - C o l o r i m e t r i c a n a l y s i s 
t i o n 

" S i g n i f i c a n t l y P l a n t uptake Roots 
hig h e r than A e r i a l f a l l o u t 
background" 

Leaves 

NR 

NR 

Ashed, Atomic 
Ab s o r p t i o n 

F i e l d 

Wallace et 
a l . (1977b) 

Davis et a l . 
(1978) 

Ward et a l . 
(1977) 

"Excessive or 
T o x i c " 

NR Leaf M a t u r i t y NR 
t i ssue 

NR Kabata-Pendias and _ 
Pendias (1984) O 

o 

o 
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a l . 1968). Many gold ores are commonly enriched i n t h a l l i u m 

(Zimmerley 1947) . Thallium i s commonly present i n c o a l at 

approximately 0.7 ppm, probably as s u l f i d e i n c l u s i o n s (Smith and 

Carson 1977a). 

Thallium has been used i n the past as an i n s e c t i c i d e and 

r o d e n t i c i d e but has been banned from these products used in the 

United States since 1972 (Smith and Carson 1977a). Carlson et 

a l . (1975) have reported t h a l l i u m s a l t s were most phytotoxic of 

t h a l l i u m , l e a d , cadmium and n i c k e l s a l t s that were tes t e d on 

h y d r o p o n i c a l l y grown corn and sunflowers. 

Thallium i s released to the environment from combustion of 

co a l and from smelting operations. I t i s used p r i m a r i l y i n 

e l e c t r i c a l component manufacturing (Smith and Carson 1977a). An 

assessment of anthropogenic d e p o s i t i o n of t h a l l i u m suggested 

l i t t l e or no increase over present l e v e l s i s expected i n the 

future (Galloway et a l . 1982), but l o c a l areas may be impacted by 

t h a l l i u m p o l l u t i o n ( S c h o l l and Metzger 1981). 

2.5.1 T o t a l t h a l l i u m l e v e l s i n s o i l s 

Few reports have been published on the c h a r a c t e r i s t i c s of 

t h a l l i u m i n s o i l s . Thallium i s e a s i l y m o b i l i z e d and transported 

together with a l k a l i n e metals (Kabata-Pendias and Pendias 1984) 

and i s apparently r e a d i l y a v a i l a b l e to p l a n t s ( S c h o l l and Metzger 

1981, Hoffman et a l . 1982). Thallium i s immobilized i n s o i l s 

through f i x a t i o n by c l a y s and manganese or i r o n o xides, and can 

be sorbed by organic matter (Kabata-Pendias and Pendias 1984). 

Thallium may a l s o be removed from the s o i l s o l u t i o n by base 

exchange (McCool 1933). 

Thallium occurs i n tr a c e amounts i n most rocks but i s found 

in higher concentrations i n a c i d rocks ( g r a n i t e s , gneisses) than 

i n mafic or u l t r a mafic rocks ( b a s a l t s , gabbros, d u n i t e s , 

p e r i d o t i t e s and pyroxenites) (Bohmer and P i l l e 1977, Kabata-

Pendias and Pendias 1984, Smith and Carson 1977a). Background 

l e v e l s of t h a l l i u m i n igneous rocks range from 0.05 to 2.3 ppm. 

Thallium i s found at higher concentrations in f i n e grained 

(claystone/shale) sedimentary rocks as compared to coarse grained 

51 
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rocks. T y p i c a l t h a l l i u m l e v e l s i n shales and sandstones have 

been reported as 0.5 to 2.0 ppm and 0.4 to 1.0 ppm r e s p e c t i v e l y 

(Kabata-Pendias and Pendias 1984). Bowen (1966) gave a t y p i c a l 

background s o i l l e v e l of 0.1 ppm (Table 17). Background t h a l l i u m 

values for surface muck (gley) s o i l s have been reported at 0.20 

and 0.22 ppm (Chattopadhyay and J e r v i s 1974). Samples of the 

muck s o i l from 0 to 7.5 cm and 22.5 to 30 cm depths e x h i b i t e d 

t h a l l i u m l e v e l s of 0.17 and 0.18 ppm r e s p e c t i v e l y . 

L i t t l e data are a v a i l a b l e on the e f f e c t of elevated 

t h a l l i u m l e v e l s i n s o i l s and the r e s u l t i n g e f f e c t to p l a n t 

production (Table 18). McCool (1933) has reported the i n j u r y to 

corn, ryegrass and wheat was not reduced by leaching s o i l with up 

to 91.5 cm (36 in) of water, but the extremely high concentra­

t i o n s of the TI2SO4 (0.02 ml Tl2S04/g s o i l ) made these data of 

l i t t l e use. S o l u t i o n c u l t u r e experiments by Potsch and Austen-

f e l d (1985) and Pieper and Austenfeld (1985) have i n d i c a t e d 

concentrations of 10uM TINO3 or 10uM Tl(NC>3)3 (10 uM = 2 ppm) 

produced s i g n i f i c a n t reductions i n the dry matter y i e l d s of pea 

p l a n t s but not i n faba beans. Thallium l e v e l s up to 4.5 ppm have 

been reported i n s o i l s near an abandoned cement k i l n p lant 

( S c h o l l and Metzger 1981). These authors documented increased 

p l a n t uptake of t h a l l i u m from the p o l l u t e d s o i l s and noted 

t h a l l i u m s p e c i f i c t o x i c i t y symptoms i n some p l a n t s , but d i d not 

determine the e f f e c t on y i e l d . 

2.5.2 Thallium l e v e l s i n p l a n t s 

Few s t u d i e s have i n v e s t i g a t e d the t o x i c i t y of t h a l l i u m to 

higher p l a n t s . The metal has not g e n e r a l l y benefited from the 

lar g e mass of data generated by sewage sludge d i s p o s a l problems. 

Experimental data suggest that an increase i n s o i l t h a l l i u m 

l e v e l s increases uptake by p l a n t s (Hoffman et a l . 1982, S c h o l l 

and Metzger 1981). 

Experiments with barley roots suggested monovalent t h a l l i u m 

was absorbed at a steady r a t e while t r i v a l e n t t h a l l i u m reached a 

plateau l e v e l i n a short time (30 minutes i n s o l u t i o n c u l t u r e ) 

(Logan et a l . 1983). These authors found t r i v a l e n t t h a l l i u m was 
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Table 17. Background t o t a l t h a l l i u m l e v e l s in s o i l s . 

Medium Use 
Level 
(ppm DW) 

Essen S o i l ND 
Dautmergen Crops 
R i t z v i l l e S i l t Loam Soybeans 

Scottland Topsoil NR 
Scottland Topsoil NR 
Canadian Muck S o i l Market Garden 

0.1 
3.0 
a.33 

Hazard 
Response 

Exposure 
Pathway Receptor Duration 

Study 
Setting Reference 

Background 
Background 
Background 

0.17 Background 
8.37 Background 
0.21 (SUR) Background 

Canadian Muck S o i l 
Canadian Muck S o i l 

0.17 (B-7.5 cm) Background 
0.18 (22.5-30.0 cm) Background 

Plant Uptake 
Plant Uptake 
Plant Uptake 

NR 
NR 
Plant Uptake 

Plant Uptake 
Plant Uptake 

Vegetables ND Photometric Field 
Vegetables Maturity Photometric Greenhouse 
Leaves, Stems 
Pods 60 days AAS Soil Pots 

NR NR SSMS Field 
NR NR SSMS Field 
Garden 
Vegetables NR IPAA Field 

NR IPAA Field 
NR IPAA Field 

Scholl and Metzger (1981) 
Hoffmann et a l . (1982) 

Cataldo and wildung (1978) 
axe and Bacon (1978) 
•re and Bacon (1978) 

Chattopadhyay and Jervis (1974) 
Chattopadhyay and Jervis (1974) 
Chattopadhyay and Jervis (1974) 



Table 13. E leva ted t o t a l t h a l l i u m l e v e l s in s o i l s . 

Medium Use 
Level 
(ppm DW) 

Hazard 
Response 

Exposure 
Pathway Receptor D u r a t i o n 

Dautmergen tL K o h l r a b i 503 24 % YR P l a n t Uptake 
(TINO3) Leaves M a t u r i t y 

R a d i s h 503 51 1 YR " Tubers 

» Radish 503 No YR •* Leaves 
Green Rapeseed 503 91 t YR " Tops 

L e t t u c e 503 73 % YR Leaves 

Dautmergen tL K o h l r a b i 203 1 \ Y i e l d P l a n t Uptake 
Increase (TINO3) Leaves M a t u r i t y 

Rad i s h 203 21 * YR " Tubers 
Radish 20 3 8.7 % YR ** Leaves 

« Green Rapeseed 203 38 % YR Tops 
w L e t t u c e 203 62 % YR Leaves 

Dautmergen tL K o h l r a b i 53 12 % Y i e l d P l a n t Uptake 
Increase {TINO3) Leaves M a t u r i t y 

n Radish 53 39 % YR Tubers 
i ) Radish 53 11 1 YR * Leaves 
n Green Rapeseed 53 2.9 % YR Tops 

II L e t t u c e 53 44 % YR Leaves 

Dautmergen t L K o h l r a b i 13 12 % Y i e l d P l a n t Uptake 
Increase (TINO3) Leaves M a t u r i t y 

« Radi sh 13 10 % Y i e l d 
(TINO3) 

Increase Tubers " 11 Rad i s h 13 17 t YR Leaves 

« Green Rapeseed 13 2.9 % YR Tops -L e t t u c e 13 23 % YR Leaves 

Study 
S e t t i n g 

P h otometric 

P h o t o m e t r i c 

Photometric 

P h o t o m e t r i c 

Greenhouse/Soi1 Pots 

Greenhouse/So i 1 Pots 

Greenhouse/Soil Pots 

Hoffmann et a l . (1982) 

Hoffmann et a l . (1982) 

Hoffmann et a l . (1982) 

Greenhouse/Soil Pots Hoffman et a l . (1982) 

o 
o 
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r e a d i l y desorbed by p l a n t s compared to monovalent t h a l l i u m and 

concluded monovalent t h a l l i u m was absorbed by plant s in competi­

t i o n with potassium and ther e f o r e dependent on metabolic energy, 

whereas t r i v a l e n t t h a l l i u m was not. Monovalent t h a l l i u m i s 

apparently the most r e a d i l y accumulated by plant s due to i t s 

i o n i c radius which i s s i m i l a r to potassium and the element thus 

mimics potassium in many b i o l o g i c a l processes (Logan et a l . 

1983). Cataldo and Wildung (1978) demonstrated a 57 percent 

reduction of t h a l l i u m uptake in the presence of a 10 f o l d 

increase i n the potassium c o n c e n t r a t i o n . Thallium p a r t i t i o n i n g 

i n plant parts i s apparently very species s p e c i f i c . Work by 

Potsch and Austenfeld (1985) and Pieper and Austenfeld (1985) 

i n d i c a t e d that pea plant s (Pisum sativum L.) concentrate t h a l l i u m 

(as TINO3, T1(N03)3, T l + 1 EDTA and T l + 3 EDTA) i n stems while 

f i e l d beans ( V i c i a faba L.) concentrate t h a l l i u m i n roots . These 

authors found t h a l l i u m l e v e l s in pea leaves to be c o n s i s t e n t l y 

higher than t h a l l i u m l e v e l s i n bean leaves i n pl a n t s grown i n the 

same concentration of t h a l l i u m . 

Background data for t h a l l i u m l e v e l s i n vegetation has been 

reported by se v e r a l authors, i n c l u d i n g Geilmann et a l . (1960) and 

Schacklette et a l . (1978) (Table 19). Levels of t h a l l i u m i n 

plan t t i s s u e s are g e n e r a l l y much l e s s than 1 ppm (Smith and 

Carson 1977a). However, values range from 0.008 ppm i n c l o v e r to 

35 ppm in k o h l r a b i . 

Uptake of t h a l l i u m by pl a n t s exposed to elevated t h a l l i u m 

l e v e l s i n s o i l s f o l l o w s the plant s p e c i f i c p a t t e r n . Green 

cabbage, which e x h i b i t s r e l a t i v e l y higher background t h a l l i u m 

l e v e l s (Geilman et a l . 1961 and Hoffmann et a l . 1982) a l s o 

accumulates higher amounts under elevated c o n d i t i o n s (Hoffman et 

a l . 1982). Turnip leaves and rape p l a n t s can accumulate high 

l e v e l s of t h a l l i u m (Hoffman et a l . 1982). S c h o l l and Metzger 

(1981) demonstrated rape p l a n t s uptake 5 to 8 percent of a p p l i e d 

t h a l l i u m and 2 to 5 percent of n a t u r a l s o i l t h a l l i u m , and 

suggested the use of rape p l a n t s to decontaminate t h a l l i u m 

p o l l u t e d s o i l s . These authors a l s o noted green k a l e , t u r n i p s , 
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Tab le 19. Background t h a l l i u m l e v e l s in p l a n t s . 

VJl 
ON 

Medium 
Le v e l Hazard Exposure Study 

Medium Use (ppm DW) Response Pathway Receptor D u r a t i o n Method S e t t i n q Reference 

V e g e t a t i o n Subalpine F i r 2-100 AWT Background Minimal Needles NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Subalpine F i r 2-70 AWT Background Minimal Stems NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Limber Pine 2-5 AWT Background Minimal Needles NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Limber Pine 3-5 AWT Background Minimal Stems NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Lodgepole Pine 2-5 AWT Background Minimal Needles NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Lodgepole Pine 3-7 AWT Background Minimal Stems NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Engelmann Spruce 2-10 AWT Background Minimal Needles NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Engelmann Spruce 15 AWT Background Minimal Stems NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
Vegetat ion M y r t l e Blueberry 2-7 AWT Background P l a n t Uptake Stems/Leaves NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n Ponderosa Pine 15 AWT Background Minimal Stems NR NR Rocky Mountains S h a c k l e t t e et a l . (1978) 
V e g e t a t i o n C l o v e r 0.008-0.010 Background P l a n t Uptake NR NR NR F i e l d Geilmann e t a l . (1961) 
V e g e t a t i o n Meadow Hay 0.02-0.025 Background P l a n t Uptake NR NR NR F i e l d Geilmann et a l . (1961) 
V e g e t a t i o n Head Lettuce 0.021 Background P l a n t Uptake NR NR NR 

NR 
F i e l d Geilmann e t a l . (1961) 

V e g e t a t i o n Red Cabbage 0.040 Background P l a n t Uptake NR NR 
NR 
NR F i e l d Geilmann e t a l . (1961) 

V e g e t a t i o n Green Cabbage 0.125 Background P l a n t uptake NR NR NR F i e l d Geilmann et a l . (1961) 
v e g e t a t i o n Leek 0.075 Background P l a n t Uptake NR NR NR F i e l d Geilmann et a l . (1961) 
V e g e t a t i o n Endive 0.080 Background P l a n t Uptake NR NR NR F i e l d Geilmann e t a l . (1961) 
V e g e t a t i o n Beet 0.025-0.030 Background P l a n t Uptake Leaves NR NR F i e l d Geilmann et a l . (1961) 
V e g e t a t i o n Potato 0.025-0.030 Background P l a n t Uptake Above Ground 

(1961) 

V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
Vegetat i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
V e g e t a t i o n 
Vegetat i o n 
V e g e t a t i o n 
V e g e t a t i o n 

K o h l r a b i 35. 3 7 ppm T l * 
K o h l r a b i 0.10 3 7 PPm T l * 
Z u c c h i n i 0.90 5 2 ppm T l * 
Z u c c h i n i 0.02 5 2 ppm T l * 
Cucumbers 0.70 5 4 ppm T l * 
Cucumbers 0.10 5 4 PPm T l * 
Red Beet 2.40 5 2 PPm T l * 
Red Beet 0.60 5 2 ppm T l * 
C a r r o t s 0.30 3 5 ppm T l * 
C a r r o t s 0.10 3 5 PPm T l * 
Onions 0.10 0 9 ppm T l * 
Onions 0.01 0 9 ppm T l * 

K o h l r a b i 30.0 3 0 ppm T l * 
K o h l r a b i 6.0 3 0 ppm T l * 

Green Rapeseed 10.0 3 0 PPm T l * 
Radish 1.1 3 0 ppm T l * 
Radish 4.5 3 0 PPm T l * 
L e t t u c e 2.2 3 0 PPm T l * 

P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 
P l a n t 

Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 
Uptake 

Biomass 
Leaves 
Tubers 
Leaves 
Stems 
Leaves 
F r u i t 
Leaves 
Tubers 
Leaves 
Roots 
Tops 
Tubers 
Old Leaves 
Young Leaves 
Tops 
Tubers 
Leaves 
Leaves 

NR 
NR 
NR 
NR 

NR 
Nr 
NR 
NR 
M a t u r i t y 
Matur i t y 
Matur i t y 
M a t u r i t y 
Matur i t y 
M a t u r i t y 

NR 
Photometric 
Photometric 
Photometr i c 
Photometric 
Photometr i c 
Photometric 
Photometr i c 
Photometric 
Photometr i c 
Photometric 
Photometric 
Photometric 
Photometr i c 
Photometr i c 
Photometr i c 
Photometric 
Photometric 
Photometr i c 

F i e l d 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

Greenhouse/Soil 
Greenhouse/Soi1 
Greenhouse/Soil 
Greenhouse/Soil 
Greenhouse/Soil 
Greenhouse/Soi1 

Pots 
Pots 
Pots 
Pots 
Pots 
Pots 

Geilmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 
Hoffmann 

e t a l . 
et a l . 
et a l . 
et a l . 
e t a l . 
et a l . 
et a l . 
e t a l . 
et a l . 
et a l . 
et a l . 
e t a l . 
e t a l . 
et a l . 
e t a l . 
e t a l . 
et a l . 
e t a l . 
et a l . 

(1961) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 
(1982) 

* S o i l 
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Medium Use 
Level 
(ppm DW) 

Hazard 
Response 

Exposure 
Pathway Receptor Durat ion Method 

Study 
Sett i n q Reference 

Dautmergen S o i l Green Rapeseed 3326 91 % YR TINO3 Tops Maturity Photometr i c Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Kohlrabi 2354 21 % YR TINO3 Old Leaves Matur i ty Photometr i c Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Kohlrabi 1936 9.3 % YR TINO3 Old Leaves Maturity Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Green Rapeseed 1656 38 % YR TINO3 Tops Maturity Photometric Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Kohlrabi 1080 25 % YR TINO3 Young Leaves Maturity Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Kohlrabi 1011 7 % YR TINO3 Old Leaves Maturity Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Kohlrabi 591 7 % Y i e l d Increase TINO3 Young Leaves Maturity Photometric Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Green Rapeseed 499 2.9 % YR TINO3 Tops Maturity Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 440 56 % YR T1(I) EDTA Stem ND AAS Greenhouse 'Potsch and Austenfeld (1985) 
Dautmergen S o i l Kohlrabi 382 7 % YR TINO3 Old Leaves Maturity Photometric Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Sand Culture Pea 360 59 % YR TINO3 Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Dautmergen S o i l Radish 331 No Yr TINO3 Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 320 47 % YR T K I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Dautmergen S o i l Kohlrabi 299 24 % Yie l d Increase TINO3 Young Leaves Maturity Photometric Greenhouse/Soii Pots Hoffmann et a l . (1982) 
Sand Culture Pea 233 46 « YR Tl ( I ) EDTA Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture Pea 230 41 % YR T l ( I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture F i e l d Bean 222 18 % YR (N.S.) TINO3 Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Solution Culture Pea 210 32 % YR (N.S.) TINO3 Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Solution Culture F i e l d Bean 200 8 % Yie l d Increase T K I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture F i e l d Bean 180 5 % Yie l d Increase 

ND 

(N.S.) T l ( I ) EDTA Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Dautmergen S o i l Green Rapeseed 180 2.9 % YR TINO3 Tops Maturity Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Radish 150 8.7 % YR TINO3 Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 140 70 % YR Tl (I) EDTA Leaf ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture F i e l d Bean 130 5.1 % YR T l ( I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 123 6.3 % YR (N.S.) Tl(NO3)3 Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 120 69 % YR T l ( I I I ) EDTA Leaf ND AAS Greenhouse Pieper and Austenfeld (1985) 
Dautmergen S o i l Kholrabi 116 24 % Yie l d Increase TINO3 Young Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 115 25 % YR Tl(NO3)3 Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 110 60 % YR T1(I) EDTA Leaf ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture F i e l d Bean 108 11 * YR (N.S.) TINO3 Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture F i e l d Bean 103 51 % YR T K I I I ) EDTA Leaf ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture F i e l d Bean 88 15 I Y i e l d Increase 

Pieper and Austenfeld 

(N.S.) T1(I) EDTA Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture Pea 86 61 % YR TINO3 Leaf ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture Corn 82 50 % Reduction 

TINO3 

Photosynthes i s Tl Salt Leaf 4-5 days AAS Hydrophonic/Greenhouse Carlson et a l . (1985) 
Sand Culture F i e l d Bean 76 11 % YR Tl(N0 3)3 Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 75 45 % YR TINO3 Leaf ND AAS Greenhouse Potsch and Austenfeld (1985) 
Dautmergen S o i l Radish 64 4 11 % YR TINO3 Leaves Matur i ty Photometric Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 63 6.7 % YR (N.S.) T l ( I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Solution Culture Sunflower 63 50 % Reduction 

Photosynthesis Tl Salts Leaf 4-5 days AAS Hydrophonic/Greenhouse Bazzaz et a l . (1974) 
Sand Culture Pea 58 30 % YR Tl ( I ) EDTA Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture Pea 43 8 % YR (N.S.) Tl(NO3)3 Leaf ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture F i e l d Bean 36 47 % YR Tl(NO3)3 Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 36 17 % YR (N.S.) Tl(N0 3)3 Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 36 29 * YR (N.S.) TINO3 Stem ND AAS Greenhouse Potsch and Austenfeld (1985) 
Dautmergen S o i l Radish 35 1 21 % YR TINO3 Tubers Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture Pea 35 31 % YR T l ( I I I ) EDTA Leaf ND AAS Greenhouse Pieper and Austenfeld (1985) 
Dautmergen S o i l Lettuce 33 62 1 YR TINO3 Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Rad ish 31 6 17 * YR TINO3 Leaves Matur i ty Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Rad i sh 31 2 51 % YR TINO3 Tubers Maturity Photometr i c Greenhouse/Soi1 Pots Hoffmann et a l . (1982) 
Sand Culture Pea 30 37 % YR T1(N0 3)3 Leaf ND AAS Greenhouse Pieper and Austenfeld (1985) 
Sand Culture Pea 30 32 * YR (N.S.) TINO3 Leaf ND AAS Greenhouse Potsch and Austenfeld (1985) 
Sand Culture Pea 29 21 % YR (N.S.) T K I ) EDTA Leaf ND AAS Geeenhouse Potsch and Austenfeld (1985) 
Dautmergen S o i l Lettuce 28 44 t YR TINO3 Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Dautmergen S o i l Lettuce 25 73 % YR TINO3 Leaves Maturity Photometr i c Greenhouse/Soil Pots Hoffmann et a l . (1982) 
Sand Culture F i e l d Bean 25 2.3 % Yie l d Increase 

TINO3 

(N.S.) T K I I I ) EDTA Stem ND AAS Greenhouse Pieper and Austenfeld (1985) 



Tab le 20. E leva ted t h a l l i u m l e v e l s in p l a n t s , con t i nued . 

Medium Use 
Le v e l 
(ppm DW) 

Hazard 
Response 

Exposure 
Pathway Receptor Ducat ion Method 

Sand C u l t u r e F i e l d Bean 23 13 % YR (N.S.) TINO3 Stem ND AAS 

Sand C u l t u r e Bar l e y 28 (11 -45) 18 % YR T1C1 Shoot 5 Leaf Stage XRFL 
Sand C u l t u r e Pea 28 2.3 % YR (N.S.) Tl(NO3)3 Leaf ND AAS 
Dautmergen S o i l L e t t u c e 20 23 % YR TINO3 Leaves M a t u r i t y Photometr i c 
Sand C u l t u r e F i e l d Bean 19 14 % YR (N.S.) T l ( N 0 3 ) 3 Stem ND AAS 
Dautmergen s o i l Radish 18.4 39 % YR TINO3 Tubers M a t u r i t y P h o t o m e t r i c 
Sand C u l t u r e F i e l d Bean 16 4.6 % YR (N.S.) T l ( I ) EDTA Stem ND AAS 
Dautmergen S o i l Rad i sh 8.6 18 % Y i e l d Increase TINO3 Tubers M a t u r i t y Photometr i c 
Sand C u l t u r e F i e l d Bean 8 10 % YR (N.S.) TINO3 Leaf ND AAS 
Sand C u l t u r e F i e l d Bean 7 3.7 % YR T l ( N 0 3 ) 3 Leaf ND AAS 
Sand C u l t u r e F i e l d Bean 6 1.5 % YR (N.S.) TINO3 Leaf ND AAS 
Sand C u l t u r e F i e l d Bean 5 39 % YR T l ( N 0 3 ) 3 Leaf ND AAS 
Sand C u l t u r e F i e l d Bean 4 21 * Y i e l d I ncrease T K I I I ) EDTA Leaf ND AAS 

Study 
Setting Reference 

VJ1 
CO 

Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse/Soil Pots 
Greenhouse 
Greenhouse/Soil Pots 
Greenhouse 
Greenhouse/Soil Pots 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 
Greenhouse 

Potsch and Austenfeld (1985) 
Davis et a l . (1978) 
Pieper and Austenfeld (1985) 
Hoffmann et a l . (1982) 
Pieper and Austenfeld (1985) 
Hoffmann et a l . (1982) 
Potsch and Austenfeld (1985) 
Hoffmann et a l . (1982) 
Potach and Austenfeld (1985) 
Pieper and Austenfeld (1985) 
potsch and Austenfeld (1985) 
Pieper and Austenfeld (1985) 
Pieper and Austenfeld (1985) 

2 
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b r o c c o l i , k o h l r a b i and cabbage accumulated higher l e v e l s of 

t h a l l i u m than most other vegetables. 

Data for elevated t h a l l i u m l e v e l s i n p l a n t s are l i m i t e d 

(Table 20). Up to 2.8 ppm t h a l l i u m has been reported f o r p l a n t s 

near i n d u s t r i a l s i t e s (potash f e r t i l i z e r works, smelter and 

bituminous c o a l plant) (Smith and Carson 1977a). S c h o l l and 

Metzger (1981) reported 22.6 ppm i n green k a l e , 8.5 ppm i n 

savory, 3.1 ppm i n t u r n i p s , b r o c c o l i , k o h l r a b i and cabbage, and 

0.5 ppm i n r a d i s h e s , c a r r o t s , onions, l e t t u c e , tomatoes, cucum­

bers and numerous other vegetables; a l l grown on s o i l c o n t a i n i n g 

4.5 ppm t h a l l i u m . Hoffman et a l . (1982) noted very high t h a l l i u m 

l e v e l s i n rapeseed p l a n t s and k o h l r a b i without large decreases i n 

y i e l d s (Table 20)-. I t i s apparent that t h a l l i u m uptake and 

t o x i c i t y are very species dependent and that the a b i l i t y of some 

species to accumulate very high l e v e l s could pose a t h r e a t to the 

food c h a i n . Hazard l e v e l s for t h a l l i u m i n s o i l s and p l a n t s are 

presented i n Section 3.5. 
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3.0 HAZARD LEVEL DEVELOPMENT FOR COPPER, MERCURY, SELENIUM, 
SILVER AND THALLIUM IN SOILS AND PLANTS 

The s e l e c t i o n of a phy t o t o x i c l e v e l f or a heavy metal i n 

s o i l i s complicated by the variance of the metal t o x i c i t y with 

s o i l c h a r a c t e r i s t i c s and pl a n t s p e c i e s . For example, the s o i l pH 

a f f e c t s the a v a i l a b i l i t y of a l l f i v e metals reviewed i n t h i s 

document. The a v a i l a b i l i t y of copper, mercury, s i l v e r and 

p o s s i b l y t h a l l i u m increases with decreasing pH. The a v a i l a b i l i t y 

of selenium increases with i n c r e a s i n g pH. The pH of surface 

s o i l s i n the Helena V a l l e y p r o j e c t area range from 4.7 to 8.2 

with a mean of 7.2 (EPA 1986). The pH range of Helena V a l l e y 

background surface s o i l s i t e s i s from 7.8 to 8.1. Most of the 

lower pH values found i n the p r o j e c t area are confined to areas 

i n or near the C i t y of East Helena (EPA 1986). 

The major com p l i c a t i n g f a c t o r for the establishment of a 

c r i t i c a l hazard l e v e l i n pla n t t i s s u e s i s the wide v a r i a t i o n 

observed among d i f f e r e n t p l a n t species i n metal uptake and t h e i r 

s e n s i t i v i t y to p h y t o t o x i c i t y . " I t i s c l e a r that metal a v a i l a b i l ­

i t y depends as much on the crop grown as on t o t a l and e x t r a c t a b l e 

concentrations of metal i n s o i l " (Carlton-Smith and Davis 1983). 

The apparent c r i t i c a l t o x i c i t y of a given heavy metal i n a 

s p e c i f i c t i s s u e of a s p e c i f i c p l a n t species appears to be 

r e l a t i v e l y independent of d i f f e r e n t metal forms or the absorption 

process (Davis et a l . 1978). Published phytotoxic l e v e l s f or 

s o i l s and pl a n t s are given i n Tables 21 and 22, r e s p e c t i v e l y . 

Table 23 presents values b e l i e v e d to be releva n t to the Helena 

V a l l e y study. The f o l l o w i n g s e c t i o n s describe how the values i n 

Table 23 have been d e r i v e d . 

3.1 Copper Hazard Levels 

Reported phytotoxic concentrations of t o t a l copper in s o i l 

range upward from t y p i c a l background values (Table 2). A 

phytotoxic l e v e l of 100 ppm has been s e l e c t e d for the Helena 

V a l l e y . A l l t o t a l s o i l copper concentrations i n excess of 100 

ppm, reported in the reviewed l i t e r a t u r e , were phytotoxic with 

y i e l d reductions ranging from 14 to 28 percent. The 100 ppm 
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Table 21. Total concentrations of 
(ppm dry weight). 

selected trace elements reported phytotoxically excessive in soils 

Notes Ag Cu Hq Se Tl Reference 

60 Kovalskiy and Andryomova (1968) 

100 5 10 El-Bassam and T i e t j e n (1977) 

2 100 0.3 5 Linzon (1978) 

100 2 10 1 Kloke (1979) 

125 K i t a g i s h i and Yamane (1981) 

26% Y i e l d Reduction 200 Wallace et a l . (1977a) 

"Tolerable Margin" 1 

4.5 

Hoffman et a l . (1982) 

Scholl and Metzger (1981) 

Solution Culture A l f a l f a 100 (mg/L) Porter and Sheridan (1981) 

Maximum S o i l L i m i t for Sludge 
Ap p l i c a t i o n Recommended 

50 2 Commission of the European 
Communities (1982) 

Maximum S o i l L i m i t for Sludge 
Ap p l i c a t i o n Mandatory 

100 Commission of the European 
Communities (1982) 

Maximum Permissible Levels in 
Sludges for use on A g r i c u l t u r a l 
Lands 

500-3000 5-25 14-100 Environmental Prot e c t i o n 
Services (1984) 



Table 22. Plant tissue levels considered to be phytotoxic (ppm dry weight). 

ON 
PO 

Notes 

5 Leaf Barley (Range) 

5 Leaf Barley (Mean) 

Maize Seedlings 

__Ag_ 

4-5 

4 

5 Leaf Barley 

Oats (leaf) 

Rice Grain 

Bermudagrass (Fine Sand)-Toxic 

Bush Bean (stems) 

Bush Bean (leaves 

Pl a n t a i n Herbage/Clover Shoots 

Rice Leaves 

Orange Leaves 

Lemon Leaves 

Oats (very c h l o r o t i c leaves) 

Snapbean Leaves 

Peach Leaves ( i n d i c a t e d 
as high range) 

5-10 

5.1 

5.8 

Cu 

18-21 

20 

>20 

20 

20-30 

30 

20 

28.8 

20-100 

20 

29 

20-40 

10-38 

17-26 

>23 

>20.0 

37 

20-30 

20-30 

_Hg_ 

2-5 

3 

6 

1-3 

0.5 

6.4 

Se 

7-90 

30 

50-100 

Tl 

11-45 

20 

5-30 20 

Reference 

Davis et a l . (1978) 

Davis et a l . (1978) 

Lipsey (1975) 

Allaway (1968a) 

Reuther and Labanauskas (1966) 

Jones (1972) 

Leeper (1972) 

Beckett and Davis (1977) 

Wallace et a l . (1977a) 

Kabata-Pendias and Pendias (1984) 

Ishizuka and Tanaka (1962) 

Weaver et a l . (1984) 

Ratsch (1974) 

Wallace et a l . (1977d) 

Wallace et a l . (1977d) 

Chaney et a l . (1978) 

Dijkshoorn et a l . (1979) 

Chino (1981) 

Reuther et a l . (1958) 

Haas and Quayle (1935) 

Hunter and Vergnano (1953) *~" 

Walsh et a l . (1972) 

Kenworthy (1950) 
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o 
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Table 23. Proposed hazard levels for soils and plants in the Helena Valley study area. 

ON 

Medium D i a g n o s t i c 
L e v e l 

S i t e 
L o c a t i o n 

T o t a l S o i 1 Background 

T o t a l S o i l Background 
T o t a l S o i l Background 
T o t a l S o i 1 T o l e r a b l e ^ 

T o t a l S o i l P h y t o t o x i c 

T o t a l P l a n t Background 
T o t a l P l a n t Background 
T o t a l P l a n t Background 
T o t a l P l a n t T o l e r a b l e 

T o t a l P l a n t P h y t o t o x i c 

use 
Helena V a l l e y 0 

This Report 

GlobalC 
Helena V a l l e y E 

This Report 

Copper. 

Metal 
ppm DW 

Mercury Selenium S i l v e r Thallium 

24 0.09 0.3 0.70 0.02-2 

16.3 0.08 0.07 0.20 0.09 
1-300 0.005-1. 97 0 .005-5.1 0.01-5 0.1-3.0 
50 2 ND ND 1 

100 5 10 2 10 

1-20 0.03-0. 09 NR NR NR 
2.0 0.08 NR 0.4 NR 

0.001-0. 237 0 .001-84 0.06-1.4 
10 0.2 ND 2 ND 

20 3 400 5 20 

A. Tolerable r e f e r s to a s o i l or plant t i s s u e element concentration that i s greater than background, but s c i e n t i f i c l i t e r a t u r e 
i n d i c a t e s t h i s l e v e l has no adverse e f f e c t on plant biology. 

B. Phytotoxic r e f e r s to a s o i l or plant t i s s u e element concentration that w i l l i n h i b i t plant growth. 
C. Kabata-Pendias and Pendias (1984). 
D. Surface s o i l (0-4"), geometric mean, N=3 (EPA 1986). 
E. Above ground biomass, average for a l f a l f a , c e r e a l grains and grasses (EPA 1986). 
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phytotoxic t o t a l s o i l copper level has been suggested by several 

authors, including El-Bassan and Tietjen (1977), Linzon (1978), 

Kabata-Pendias (1979) and Kloke (1979). Baker (1974) reported 

phytotoxicity when s o i l levels exceed 150 to 400 ppm t o t a l copper 

and K i t a g i s h i and Yamane (1981) have noted t o x i c i t y at s o i l 

levels of 125 ppm copper. The 100 ppm t o t a l s o i l copper concen­

t r a t i o n i s the le v e l at which McGrath et a l . (1982) noted i n i t i a l 

y i e l d reductions in Lolium perenne (perennial ryegrass) when 

CUSO4 was added to s o i l . No data have been found in the reviewed 

l i t e r a t u r e for phytotoxic t o t a l s o i l copper levels for a l f a l f a . 

Copper tolerant species may not be affected at the 100 ppm t o t a l 

s o i l copper l e v e l . 

A tolerable l e v e l of 50 ppm t o t a l s o i l copper has been 

selected based on the reports of no y i e l d loss to occasional 

small y i e l d reductions noted below th i s l e v e l . This concentra­

tion i s near the upper end of background levels found for many 

areas but below the 75 ppm concentration at which McGrath et a l . 

(1982) noted decreased yie l d s of Lolium perenne. 

Total s o i l copper levels in the Helena Valley project area 

range from 10 to 41 ppm (EPA 1986). The geometric means for 

t o t a l s o i l copper in the project area and in the background s i t e 

are 18.3 and 15.0 ppm respectively. Total s o i l copper levels 

present in the Helena Valley would not appear to be phytotoxic to 

crops. 

Phytotoxic copper levels in plant tissues have been 

r e p o r t e d by numerous a u t h o r s w i t h good agreement. P h y t o t o x i c 

values for leaves and shoots range from 15 ppm for plantain to 38 

ppm for clover (Table 4). Similar values for barley shoots 

(Davis et a l . 1978), r i c e leaves (Chino 1981), grass shoots 

(Dijkshoorn et a l . 1979), oat leaves (Hunter and Vergnano 1953), 

and snap beans (Walsh et a l . 1972) were 18 to 21 ppm, 17 to 26 

ppm, 19 ppm, 37 ppm, and 20 to 30 ppm respectively. Copper 

levels found in clover were consistently higher than in grasses 

and copper was tolerated at higher tissue concentrations by 

clover as compared to grass (Kubota 1983, Dijkshoorn et a l . 

1979). Background legume tissue concentrations for various 
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species were red clover (10.0 ppm) > a l f a l f a (8.8 ppm) > a l s i k e 

clover (8.3 ppm) > sweetclover (7.9 ppm) = ladino clover (7.9 

ppm) > lotus (7.4 ppm) (Kubota 1983). This author reported 

background copper values in grasses range from 5.9 ppm (smooth 

brome) to 4.0 ppm (wheat grass). Erdman et a l . (1976) found 

copper levels consistently lower in grasses as opposed to corn 

and soybeans in several Missouri s o i l s . These data suggest 

grasses in general w i l l have lower tissue concentrations for a 

given s o i l copper l e v e l and apparently a lower phytotoxic tissue 

l e v e l . 

A plant phytotoxic copper concentration of 20 ppm in leaf 

or shoot tissue would appear appropriate for the Helena Valley. 

This concentration may not produce phytotoxicity in a l f a l f a or 

other legume crops but i s the l e v e l at which phytotoxicity may be 

expected to occur in most cereal crops, many grasses and some 

vegetables. A p o t e n t i a l l y useful tool for such an evaluation may 

be a system developed by Carlton-Smith and Davis (1983). This 

system presents ordered rankings (league tables) to compare the 

r e l a t i v e s e n s i t i v i t y of numerous crops to copper t o x i c i t y . 

A determination of an o v e r a l l tolerable l e v e l in plant 

tissues is d i f f i c u l t due to apparent differences in the s e n s i t i v ­

i t y of various plant species. The problem i s well exemplified by 

red clover and plantain. The 10.0 ppm background l e v e l for red 

clover (Kubota 1983) is the same l e v e l reported to result in a 50 

percent y i e l d reduction in plantain herbage (Dijkshoorn et a l . 

1979). The intermediate range (that l e v e l midway between copper 

deficiency and copper t o x i c i t y ) values for a large number of 

f r u i t s and crops commonly exceed 10 ppm with reported values for 

wheat and oat grain up to 16.7 ppm and 12.1 ppm copper respec­

t i v e l y (Reuther and Labanauskas 1966). The l e v e l of 10 ppm 

suggested for East Helena w i l l approximate a tolerable l e v e l for 

cereal grains. A tolerable l e v e l in a p a r t i c u l a r plant species 

may also be derived through use of a league table system. 
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3.2 Mercury Hazard Levels 

The s e l e c t i o n of a hazard l e v e l for mercury in s o i l can not 

be made with confidence with a v a i l a b l e data. Any hazard l e v e l 

for mercury should be s p e c i f i c f or s o i l c h a r a c t e r i s t i c s , mercury 

compound and pla n t s p e c i e s . This problem was demonstrated with 

the work of Weaver et a l . (1984). These authors found the 

phytotoxic t o t a l mercury s o i l l e v e l v a r i e d from 8 to >50 ppm f o r 

bermuda grass, dependent upon the type of s o i l , with pH values 

(in the range of 4.7 to 7.7) apparently being i n s i g n i f i c a n t . 

Levels considered to be p h y t o t o x i c a l l y excessive have been 

reported by s e v e r a l review p u b l i c a t i o n s (Table 21) and range from 

0.3 to 5 ppm. The Environmental P r o t e c t i o n Service (1984) gave a 

range of 5 to 25 ppm fo r the maximum t o t a l mercury content of 

sludges a p p l i e d to a g r i c u l t u r a l lands. 

A very t e n t a t i v e hazard l e v e l of 5 ppm t o t a l s o i l mercury 

i s recommended for ev a l u a t i n g the Helena V a l l e y data. This l e v e l 

i s below that found by Weaver et a l . (1984) to produce reduced 

p l a n t growth i n bermuda grass under t h e i r worst case c o n d i t i o n . 

I t i s probable that l e v e l s c o nsiderably higher may be appropriate 

for s o i l s high i n c l a y or organic matter. Of the 160 surface 

s o i l samples analyzed from the Helena V a l l e y , 5 samples exceeded 

5.0 ppm t o t a l s o i l mercury (EPA 1986). A l l of these s i t e s were 

w i t h i n 0.81 km (0.5 mi) of the East Helena smelter complex. 

Total mercury l e v e l s f or surface s o i l samples at Helena V a l l e y 

background s i t e s were w i t h i n the range of t y p i c a l background 

l e v e l s (Section 2.2.1). A t e n t a t i v e t o l e r a b l e l e v e l of 2 ppm 

t o t a l s o i l mercury i s suggested for the Helena V a l l e y . This 

value i s higher than the maximum background value of 0.78 ppm 

(Table 5). This l e v e l i s w e l l below the 8 ppm Weaver et a l . 

(1984) found to be t o x i c to bermuda grass, but the 2 ppm t o l e r a ­

b l e c o n c e n t r a t i o n has l i t t l e other support. 

Phytotoxic hazard l e v e l f or mercury i n plant t i s s u e s are 

bet t e r defined than are those for s o i l s . Davis et a l . (1978) 

reported a phytotoxic l e v e l of 3 ppm fo r barley p l a n t s i n the 5 

l e a f s t a t e using HgCl2 i n a sand c u l t u r e . Y i e l d reductions of 

9.9 and 11 percent r e s u l t e d i n tomato p l a n t s with 0.6 to 0.8 ppm 
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wet weight mercury l e v e l s i n terminal (newest growth) f o l i a g e 

using methylmercury hydroxide (MMH) (Haney and Lipsey 1973). 

These authors found the dry matter content of the tomato p l a n t s 

v a r i e d between 8.4 and 11.9 percent of the wet weight, with a 

mean of 10.3 percent. R e c a l c u l a t i n g MMH concentrations on a dry 

weight bas i s i n d i c a t e s the observed y i e l d reductions occurred at 

t i s s u e mercury concentrations of 5.8 to 7.8 ppm. These values 

were q u i t e s i m i l a r to the 8 ppm mercury t i s s u e c o n c e n t r a t i o n 

found to reduce y i e l d s of bermuda grass grown i n HgCl2 amended 

s o i l (Weaver et a l . 1984). These l i m i t e d data suggest that once 

absorbed and t r a n s l o c a t e d to the above ground biomass, the 

p h y t o t o x i c i t y of the various mercury compounds may be s i m i l a r . 

Phytotoxic p l a n t t i s s u e concentrations reported i n the l i t e r a t u r e 

ranged from 0.5 ppm (for r i c e grain) to 6.4 ppm for bermuda grass 

f o l i a g e (Table 22). 

The most appropriate hazard l e v e l f o r mercury i n p l a n t s i n 

the Helena V a l l e y would appear to be the 3 ppm reported by Davis 

et a l . (1978). This value f i t s w e l l with the nontoxic mercury 

l e v e l of 2.9 ppm i n bermuda grass reported by Weaver et a l . 

(1984) and the 2.3 ppm l e v e l found to be nontoxic to a l f a l f a by 

Lindberg et a l . (1979). A t o l e r a b l e l e v e l of 0.2 ppm mercury i n 

p l a n t t i s s u e i s based upon the 0.2 ppm t i s s u e l e v e l found to be 

t o x i c to bermuda grass under c e r t a i n c o n d i t i o n s (Weaver et a l . 

1984). Background concentrations near t h i s l e v e l have been 

observed i n onions and radishes (Table 7) but t h i s l e v e l i s 2 to 

10 times higher than most observed background l e v e l s . 

3.3 Selenium Hazard Level 

The average background conce n t r a t i o n of t o t a l s o i l selenium 

i n the Helena V a l l e y was reported to be 0.07 ppm (EPA 1986). 

This value i s w i t h i n the expected range of 0.005 to 4.0 ppm for 

t o t a l selenium i n s o i l s of the United States (Kabata-Pendias and 

Pendias 1984). Selenium i s not known to r e t a r d p l a n t growth at 

any concentration encountered n a t u r a l l y i n s o i l s , but t o x i c i t i e s 

to c e r t a i n p l a n t s have been produced i n a few greenhouse and 

f i e l d p l o t s t u d i e s . Kabata-Pendias and Pendias (1984) reported 
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that t o t a l s o i l selenium l e v e l s of 10 and sometimes 5 ppm were 

p h y t o t o x i c a l l y e x c e s s i v e . Hurd-Kauer (1934) found that a t o t a l 

s o i l selenium l e v e l of 30 ppm was t o x i c to wheat s e e d l i n g s . A 

growth reduction of buckwheat r e s u l t e d when t o t a l selenium 

concentrations i n the s o i l ranged from 10.5 to 39.6 ppm (Martin 

1936) . These buckwheat p l a n t s died when s o i l selenium l e v e l s 

reached 76.6 ppm. 

I t must be noted that the various forms of selenium 

a v a i l a b l e f or plant uptake have d i f f e r e n t degrees of t o x i c i t y 

(Trelease and Beath 1949). This and the l i m i t e d and c o n f l i c t i n g 

data regarding p h y t o t o x i c l e v e l s of selenium i n s o i l s pose 

d i f f i c u l t i e s i n proposing hazard l e v e l . A t e n t a t i v e value of 10 

ppm i s suggested as the phy t o t o x i c l e v e l for t o t a l s o i l selenium 

i n surface s o i l s of the Helena V a l l e y . No data have been found 

in the reviewed l i t e r a t u r e concerning t o l e r a b l e l e v e l s of s o i l 

selenium. An estimated value of 5 ppm has been determined 

i n t u i t i v e l y by e v a l u a t i n g the t o x i c and background l e v e l s of 

selenium i n s o i l s of the United S t a t e s , but no t o l e r a b l e l e v e l 

for t h i s parameter i s recommended because of i n s u f f i c i e n t data. 

The t o t a l surface s o i l (0-4 inch) selenium value found f o r the 

Helena V a l l e y background s i t e s (n=3) i s 0.07 ppm (Table 23). 

S i m i l a r values for the e n t i r e Helena V a l l e y p r o j e c t area range 

from 0.07 to 1.30 ppm (EPA 1986). 

To t a l selenium background l e v e l s f o r pla n t t i s s u e from the 

United States range from 0.01 to 4.8 ppm (Connor and Shacklette 

1975). While there are no reported cases of selenium being t o x i c 

to p l a n t s growing under n a t u r a l c o n d i t i o n s , there are a few cases 

of t o x i c i t y under experimental c o n d i t i o n s . In the review by 

Kabata-Pendias and Pendias (1984), 5 to 30 ppm i n mature l e a f 

t i s s u e was considered p h y t o t o x i c . The Environmental P r o t e c t i o n 

Agency (1985) used 191 ppm i n tomatoes and 429 ppm selenium i n 

wheat as a t o x i c l e v e l when selenium was added to s o i l i n sewage 

sludge a p p l i c a t i o n . A reduction of buckwheat pl a n t growth 

occurred when t i s s u e selenium l e v e l s ranged from 35 to 124 ppm. 

Death of these same p l a n t s occurred when t i s s u e selenium l e v e l s 

reached 127 ppm (Martin 1936). Very low y i e l d s of a l f a l f a have 
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occurred when the p l a n t tops contained 360 ppm selenium and 1000 

ppm i s h i g h l y t o x i c (Soltanpour and Workman 1980). Yopp et a l . 

(1974) reported no i n j u r y to wheat that contained 360 ppm t o t a l 

selenium. 

The r e s i s t a n c e to selenium t o x i c i t y ranges so widely among 

pla n t s that a general t o x i c i t y l e v e l cannot be estimated with a 

high degree of confidence. The l i m i t e d and c o n f l i c t i n g data that 

are a v a i l a b l e compound t h i s problem. A t o x i c l e v e l of 400 ppm 

t o t a l selenium i n p l a n t s i s recommended fo r the Helena V a l l e y 

(Table 23). Only one source has been located that presented 

evidence of a t o l e r a b l e l e v e l of selenium i n vegetation (Yopp et 

a l . 1974). The t o l e r a b l e l e v e l of selenium i n vegetation i s be 

estimated at about 300 ppm but no l e v e l has been recommended 

because of i n s u f f i c i e n t data. Plant t i s s u e selenium concentra­

t i o n s found i n the Helena V a l l e y p r o j e c t area range from 0.001 to 

84 ppm (Table 23). These concentrations are below most concen­

t r a t i o n s that have been reported to be phytotoxic (Table 12). 

3.4 S i l v e r Hazard Levels 

The background range of t o t a l surface s o i l s i l v e r i n the 

Helena V a l l e y was reported to be 0.09 to 0.45 ppm with a mean 

value of 0.20 ppm (EPA 1986). T o t a l s o i l s i l v e r background 

l e v e l s for the e n t i r e n a tion seldom exceed 0.5 ppm (Connor and 

Shacklette 1975). No f i r s t hand research concerning p h y t o t o x i c 

l e v e l s of t o t a l s i l v e r i n s o i l s has been found i n the reviewed 

l i t e r a t u r e . Kabata-Pendias and Pendias (1984) reported that 2.0 

ppm t o t a l s i l v e r i n s o i l s was p h y t o t o x i c a l l y e x c e s s i v e . A t e n t a ­

t i v e value of 2.0 ppm has been s e l e c t e d as the p h y t o t o x i c l e v e l 

for t o t a l s o i l s i l v e r i n the Helena V a l l e y based on t h i s very 

l i m i t e d information (Table 23). A t o l e r a b l e c o n c e n t r a t i o n for 

t o t a l s o i l s i l v e r i s l i k e l y about 1.0 ppm, but t h i s value has 

l i t t l e support from the reviewed l i t e r a t u r e . T o t a l surface s o i l 

s i l v e r concentrations found f o r the Helena V a l l e y p r o j e c t area 

ranged from 0.09 to 46 ppm (EPA 1986). 

Background s i l v e r concentrations i n p l a n t t i s s u e g e n e r a l l y 

range from 0 to 1.0 ppm with most concentrations below the 0.25 
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ppm l e v e l (Table 15). Background s i l v e r concentrations i n 

vegetation reported f o r the Helena V a l l e y ranged from 0.35 to 1.0 

ppm (EPA 1986). Data p e r t i n e n t to the t o x i c i t y of s i l v e r i n 

p l a n t s are a l s o extremely l i m i t e d . The review by Kabata-Pendias 

and Pendias (1984) i n d i c a t e d 5 to 10 ppm s i l v e r i n p l a n t t i s s u e 

was excessive or t o x i c . The y i e l d of bush beans was g r e a t l y 

decreased at stem and l e a f s i l v e r concentrations of 5.1 and 5.8 

ppm r e s p e c t i v e l y (Wallace et a l . 1977d). No e f f e c t i n bush bean 

y i e l d has been noted with stem and l e a f t i s s u e l e v e l s of 0.8 and 

1.0 ppm s i l v e r , r e s p e c t i v e l y . Davis et a l . (1978) reported that 

a 10% y i e l d reduction occurred i n s p r i n g barley with 4.0 ppm 

s i l v e r i n the p l a n t tops. With t h i s l i m i t e d data, a t e n t a t i v e 

value of 5.0 ppm s i l v e r i n plant t i s s u e i s suggested as the 

p h y t o t o x i c l e v e l (Table 23). A t o l e r a b l e plant t i s s u e s i l v e r 

c o ncentration of 2 ppm i s suggested for the Helena V a l l e y based 

on background l e v e l s and l i m i t e d experimental data. 

3.5 Thallium Hazard Levels 

Background t o t a l s o i l t h a l l i u m l e v e l s i n North America are 

g e n e r a l l y l e s s than 0.5 ppm (Table 17), and t y p i c a l background 

t o t a l s o i l t h a l l i u m concentrations range from 0.02 to 2 ppm 

(Kabata-Pendias and Pendias 1984). The background surface s o i l 

c o n centration reported for the Helena V a l l e y was 0.09 (EPA 1986). 

Thallium l e v e l s at which phytotoxic symptoms have been noted 

range from 1 umol/1 (.2 ppm) for corn and sunflowers i n s o l u t i o n 

c u l t u r e to 1.4 ppm i n s o i l noted by McCool (1933) for damaged 

wheat p l a n t s . McCool (1933) reported wheat pl a n t s were k i l l e d 

at a s o i l t h a l l i u m l e v e l of 28 ppm. Carson and Smith (1977) 

s t a t e "many crop p l a n t s are i n j u r e d by concentrations of about 7 

ppm i n the s o i l , " and noted t o x i c e f f e c t s to tobacco p l a n t s at 1 

ppm t h a l l i u m i n s o i l and 0.4 ppm t h a l l i u m i n water. Cataldo and 

Wildung (1978) found 40 percent of 2.5 ug/1 t h a l l i u m a p p l i e d to 

s o i l was s t i l l i n s o l u b l e form a f t e r 13 days. S i m i l a r values for 

a r s e n i c , cadmium, lead and z i n c were 8.8, 34, <1, and 8.2 percent 

r e s p e c t i v e l y . This study suggests that t h a l l i u m may be propor­

t i o n a t e l y more a v a i l a b l e to p l a n t s than most s o i l metals. I t i s 
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d i f f i c u l t to determine a s p e c i f i c hazard l e v e l for t h a l l i u m i n 

s o i l due to the wide v a r i a t i o n i n to l e r a n c e and uptake e x h i b i t e d 

by various species of p l a n t s and due to the scarceness of data. 

Hoffman et a l . (1982) experienced mixed r e s u l t s with t o t a l s o i l 

t h a l l i u m l e v e l s from 13 to 503 ppm (Table 18). S c h o l l and 

Metzger (1981) noted s p e c i f i c t o x i c i t y symptoms i n some crops 

grown on a p o l l u t e d s o i l c o n t a i n i n g 4.5 ppm. To t a l surface s o i l 

t h a l l i u m values reported for the Helena V a l l e y p r o j e c t area 

ranged from 0.09 to 2.40 ppm (EPA 1986). 

A p h y t o t o x i c l e v e l f o r t o t a l s o i l t h a l l i u m of 10 ppm i s 

suggested for the Helena V a l l e y , but has only marginal support 

from the reviewed l i t e r a t u r e (Table 23). S c h o l l and Metzger 

reported some t o x i c i t y symptoms at t o t a l s o i l l e v e l s of 4.5 ppm 

t h a l l i u m and Hoffman et a l . (1982) reported a 23 percent reduc­

t i o n i n the y i e l d of l e t t u c e at 13 ppm t o t a l s o i l t h a l l i u m . The 

10 ppm hazard l e v e l should be considered very t e n t a t i v e u n t i l 

research provides more information. Hoffman et a l . (1982) 

suggested 1.0 ppm t o t a l s o i l t h a l l i u m as a " t o l e r a b l e margin" 

and, i n the absence of c o n t r a d i c t i n g d ata, t h i s c o n c e n t r a t i o n i s 

suggested as the t o l e r a b l e l e v e l f or the Helena V a l l e y . 

Hydroponic c u l t u r e experiments with peas and faba beans 

u t i l i z i n g t h a l l i u m + 1 and t h a l l i u m * 3 (as T1N0 3, T l + 1 EDTA, 

Tl(N03)3 and T l + 3 EDTA) suggest s i g n i f i c a n t y i e l d decreases i n 

peas w i l l occur at l e a f t h a l l i u m l e v e l s near 30 ppm f o r T l (1^03)3 

(Pieper and Austenfeld 1985, Potsch and Austenfeld 1985). These 

studie s i n d i c a t e TINO3 i s l e s s t o x i c i n p l a n t t i s s u e at compara­

bl e concentrations than Tl(N03)3. Pea l e a f l e v e l s of 75 ppm 

t h a l l i u m as TINO3 were required to produce s i m i l a r y i e l d reduc­

t i o n s experienced with 30 ppm t h a l l i u m l e a f l e v e l s using 

Tl(NC>3)3. Faba beans were apparently h i g h l y r e s i s t a n t to 

t h a l l i u m t o x i c i t y up to the 2.04 ppm used i n the hydroponic 

s o l u t i o n . The maximum faba bean l e a f t h a l l i u m content (8 ppm), 

using 2.04 ppm t h a l l i u m as TINO3 i n the hydroponic s o l u t i o n , d i d 

not produce s i g n i f i c a n t y i e l d reductions (Potsch and Austenfeld 

1985). Thallium concentrations up to 27 ppm have been observed 

in some of the 35 garden species grown i n t h a l l i u m contaminated 
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s o i l ( S c h o l l and Metzger 1981). These authors have i n d i c a t e d 

that some t h a l l i u m s p e c i f i c symptoms occurred i n some s p e c i e s , 

but no decrease i n y i e l d s were apparent. Carlson et a l . (1975) 

found a 50 percent reduction i n photosynthesis i n corn and 

sunflowers at l e a f concentrations of 82 ppm t h a l l i u m and Bazzaz 

et a l . (1974) have noted a 50 percent reduction i n sunflower l e a f 

photosynthesis at a t i s s u e c o n c e n t r a t i o n of 63 ppm. Davis et a l . 

(1978) found 11 to 45 ppm t h a l l i u m i n the leaves of 5 l e a f stage 

barely s e e d l i n g to be t o x i c and have reported 20 ppm i n barley 

l e a f t i s s u e as the "upper c r i t i c a l l e v e l " a ssociated with a 10 

percent y i e l d reduction i n t h i s s p e c i e s . Based on the l i m i t e d 

data a v a i l a b l e , the 20 ppm t h a l l i u m t i s s u e concentration has been 

s e l e c t e d as the p h y t o t o x i c l e v e l for the Helena V a l l e y (Table 

23) . 

A t o l e r a b l e t h a l l i u m concentration i n plant m a t e r i a l s has 

not been recommended but i s l i k e l y l e s s than the 5 ppm i n l e a f 

t i s s u e that Pieper and Austenfeld (1985) found to produce a 39 

percent y i e l d reduction i n faba beans. More research i s needed 

to p r o p e r l y d e f i n e a t o l e r a b l e t h a l l i u m l e v e l for p l a n t s espe­

c i a l l y f o r crops t y p i c a l of the Helena V a l l e y . 
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